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The recent expansion in proton exchange membrane (PEM) research has been commensurate with the
growth of PEM fuel cell research. Perfluorosulfonic acid (PFSA) ionomer materials remain the technological
membrane of choice for PEMFCs because of their robustness, versatility of use, and widespread commercial
availability. PFSAs, however, are far from ideal: they are prepared from fluorine-based chemicals that are
under increasing environmental scrutiny, they are inherently expensive to prepare and dispose of, their ionic
conductivity is limited, and they are highly permeable to gases. Numerous classes of ion-containing
polymers have been investigated as potential replacements over the past decades, but PFSA remains the
incumbent technology because hydrocarbon-based solid polymer electrolyte membranes are perceived to
lack the oxidative stability of their fluorine-containing counterparts. A new era of hydrocarbon PEM research
has recently emerged with an emphasis on the hydrocarbon membrane'’s inherent lower gas permeability
and unanticipated stability in fuel cell applications. Of the various classes of polymer derivatives that hold
promise, sulfonated polyphenylenes, devoid of heteroatom linkages in the main chain, are leading
candidates. The absence of heteroatom linkages in the polymer backbone is not without penalty: their
Received 11th June 2021, synthesis is challenging and processing restricted due to their rigid-rod character, coupled with the
Accepted 12th July 2021 requirement to attach acid bearing groups in high concentration. This review focuses exclusively on the
DOI: 10.1039/d1ma00511a evolution of sulfonated polyphenylenes, from intractable rigid rods to architecturally-controlled, sterically-
encumbered sulfo-phenylated polyphenylenes, with an emphasis on synthesis, precise molecular control,
rsc.li/materials-advances structure—property relationships, and ultimately, wide-scale adoption in fuel cells.
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1 Introduction

Proton exchange membranes (PEMs) have been the focus of
appreciable scientific and industrial R&D for several decades,
due in-part to their applicability as selective solid-state ion
transport media in low temperature (<100 °C) electrochemical
energy devices such as hydrogen fuel cells, water electrolyzers,
and redox flow batteries.'™ In this realm, materials based on
perfluorosulfonic acid (PFSA) ionomers such as Nafion, and
thinner, reinforced derivatives, are commonplace.® Progress
has been made in understanding how these materials
function,®” which has helped define fundamental principles for
low temperature polymer electrolyte membranes, particularly
those employed in fuel cells: (i) the material must be electrically
insulating to serve as a solid electrode separator within electro-
chemical cells; (ii) it must be highly conductive to protons to
promote their transport; (iii) it must possess a low permeability to
gases (e.g., H, and O,); (iv) it must effectively transport water to
mitigate simultaneous flooding and dehydration of gas diffusion
electrodes; (v) it must be mechanically and chemically stable
because its degradation leads to fuel cell failure.! These requirements
are highlighted in Fig. 1.

Despite comprehensive investigation and ubiquitous
application,”® the fundamental structure of PFSAs has
remained largely unchanged for over 50 years (Fig. 2),°"*> and
is inherently challenging. There is a growing concern surrounding
environmental implications of perfluorinated chemical use.***™*
Disposal of Nafion, for instance, is limited to landfills or incinera-
tion in small quantities under highly specialized conditions."®
There are no manufacture-recommended recycling options.®
Due to demanding synthetic procedures that rely on controlled
substances, preparation of such materials is limited to a few
establishments globally. Material costs are consequently high and
impinge on the broad commercialization of fuel cells, for
example,'” which is predicted to reach millions of fuel cell (FC)
vehicles world wide by 2050. In addition, PFSAs are synonymous
with high reactant gas permeabilities, which may lead to fuel cell
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Fig. 1 Schematic of a hydrogen fuel cell. See text for explanation of
symbols i-v.

inefficiencies, promotion of their degradation, and limitations in
durability.>"?

In order to address shortcomings associated with PFSA-based
PEMs, significant research has been devoted to alternative
hydrocarbon-based, fluorine-free materials.>®'"  Numerous
classes of polymers and countless derivatives of these polymers
have been investigated over the past decades. The height of this
activity occurred in the 1990s, with the collective goal of repla-
cing PFSA to extend PEMFC operation to 120 °C. A vast amount
of research into structure-property relationships during this
time greatly advanced the field and led to many examples of
highly-conductive proton exchange membranes.'"*®'° particular
emphasis was placed on aromatic polymer backbones due to the
inherent thermochemical resilience associated with sp” linkages
(aryl-aryl and aryl-heteroatom) compared to labile sp>-based
linkages (methylene and methenyl) found in early sulfonated
polystyrene research.’>*" Diverse synthetic strategies not limited

roll of a Nafion®

structure and

Fig. 2 Representative chemical
membrane.
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by perfluorinated reagents led to numerous classes of proton-
conducting sulfonated polyarylenes with differing backbone
architectures: poly(arylene ether ketone)s,"™*?* poly(arylene
ether sulfone)s,"?>** poly(benzimidazole)s, poly(arylene
sulfone sulfide)s,'®**® and poly(phenylene)s.>* > A persistent
criticism of hydrocarbon-based polymer membranes, however, is
that they lack the oxidative stability of their PFSA counterparts;
research into hydrocarbon-based PEMS eventually dwindled,
caused in-part by the emerging interest and available funding
for the discovery of anion exchange membranes.

11,14,25

2 Scope of this review

In recent years, renewed interest in fluorine-free alternatives to
PFSAs has arisen. This, for two reasons: (i) the growing concern
of fluorine-containing precursors and the daunting prospect of
generating vast quantities of waste perfluorinated membranes,
and (ii) their high permeability to gases - leading to hydrogen and
oxygen crossover — which, amongst other reasons, exacerbates the
degradation of fuel cells. A new era of PEM research has thus
emerged, with emphases on proton-conducting polymers that
provide greater stability to long-term use in commercial fuel cells,
and on materials that can be synthetically scaled up and
integrated into state-of-the-art commercial fuel cell stacks.
Of the various classes of polymer derivatives to hold promise,
sulfonated polyphenylenes, devoid of heteroatom linkages in the
main chain, have emerged as leading candidates.

This review focuses exclusively on the evolution of fluorine-
free, sulfonated polyphenylenes with an emphasis on synthesis and
structure-property relationships. For overviews on hydrocarbon
PEM materials, in general, including ionic polyaromatics
containing heteroatoms in the main chain, the reader is directed
to any number of excellent reviews on the topic."*">** For compre-
hensive summaries on current understanding and states-of-the-art
of PFSA-based materials, the reader is directed to recent reviews by
A. Kusoglu and A. Weber,> and M. Zaton et al.® This review does not
include the growing field of research focused on anion exchange
membranes, for which comprehensive reviews also exist.**>°

For clarity and comparison, we categorize the diverse number
of sulfonated polyphenylene (SPP) variants into generalized
classes: (i) linear, (ii) kinked, (iii) side-chain sulfonated, (iv)
post-sulfonated phenylated, and (v) pre-sulfonated phenylated,
as shown in Table 1.

Commercialization of sulfonated polyphenylenes (SPP)s has
been several decades in the making, starting with the early
work of G. Goldfinger on linear poly(p-phenylene)s,”*”> and
W. Ried,”®7® as well as J. K. Stille,”°®" on phenylated poly-
phenylenes in the late 1940s to early 1970s, to the first ever
reported post-sulfonation of a phenylated polyphenylene in
1972,%% through to reinforced SPPs produced by Ionomr
Innovations, Inc., announced in 2020,%%* as illustrated in the
timeline shown below (Fig. 3).

This review is structured in the following manner. First, we
provide a brief introduction of aspects considered in designing
proton exchange membranes for fuel cells. This includes their
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morphology,>***>"®” proton conductivity,’ ion exchange capacity
(IEC), water uptake, water permeation,*®*° chemical stability,">
gas permeability,®® and mechanical properties.”***> Details of
these topics are found in the literature and are therefore given
only rudimentary attention here. Secondly, we delve into the
classes of sPP listed in Table 1, highlighting their synthetic
underpinnings and diversity of derivatives within a class.
Thirdly, we compare representatives of a given class listed in
Table 1 - including positive and negative attributes of their
syntheses and selected physical properties. Lastly, we provide an
outlook for the future, describing potential future derivatives of
sPPs, and a path forward for their large-scale production, adoption,
and commercialization.

3 Aspects to consider for proton
exchange membranes
Polymer sequence, distribution, and morphology

Molecular structures of acidic polymers designed for proton
exchange membranes typically comprise of a hydrophobic
polymer backbone with pendant hydrophilic acid groups. The
incompatibility of these two distinct moieties, especially when
hydrated, drives the system to phase segregate into respective
domains at nanoscale.>*°*® Both the structure of the polymer
backbone and the number and placement of acid groups
greatly impacts the morphology of acid-bearing polymers and
their membranes.”® At low relative humidity (RH), the absorption
of water into the hydrophilic acid domains leads to the formation
of hydrated ion clusters that are dispersed throughout the hydro-
phobic polymer matrix, akin to inverted micellar domains.'* "%
As additional water is absorbed (upon increasing RH), the
micelles swell, extend, and connect. With sufficient hydration, a
percolation network of connected hydrophilic channels within the
polymer membrane is created,’® which is responsible for proton
transport.>**%1% Hydrophobic, non-conductive domains play an
equally important role by opposing the osmotic pressure that would
cause the polymer membrane to unduly swell, or dissolve entirely.

PFSA ionomers have been available for over 50 years, and
their morphology has been the subject of continuous research
and debate."”® " Small and wide-angle X-ray and small
angle neutron scattering, and molecular modeling are common
techniques used to probe polymer morphology. Scattering
measurements involve the detection of a scattered incident
beam of known wavelength upon interaction with a material’s
electronic (X-ray) or nuclear (neutrons) structure.’ The intensity
of the scattered beam is recorded as a function of the scattering
wave vector, g, which is related to the scattering angle and
the incident wavelength.® Scattering techniques are able to
investigate structural information ranging from large scale
structural features at low g, to inter- and intra-crystalline
atomic spacing at high g. The most commonly used scattering
information comes from a single, broad ionomer peak at
intermediate g values, corresponding to the spacing between
hydrophilic water-domains on the order of nanometers.”> Using
scattering techniques, it is possible to evaluate crystallinity,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Generalized structures of linear, kinked, branched, and phenylated
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sulfonated polyphenylenes (PPs)

Category Generalized structures Representative references
SO3H SO3H
Linear sulfonated PPs O O 29 and 37-44
n n
HO,S HO3S
SOzH
Kinked sulfonated PPs O Q X O y 32 and 45-48
n
. . a o]
Side-chain sulfonated PPs 49-63
7 N\
==
SO3H
Post-sulfonated phenylated PPs” 30, 64 and 65
Pre-sulfonated phenylated PPs” 31 and 66-73

“ Side-chain sulfonated PPs are also commonly referred to as sulfonated poly(benzophenone)s. ? Also referred to as sulfo-phenylated

polyphenylenes.

domain spacing, and water/ionic clustering within polymer
matrices. X-ray studies reveal that Nafion™ contains larger and
more well-connected hydrophilic channels than hydrocarbon-based
materials (e.g., sulfonated poly(arylene ether ketone)s),”***'%® due
to enhanced hydrophilic/hydrophobic phase separation.*®®

@ Stille
Post-sulfonated phenylated ¢ Litt
polyphenylene
Not further examined

9 Goldfinger
Poly(p-phenylene)

© Ried, Stille
Phenylated
polyphenylenes

© Rikukawa
Post-sulfonated
poly(benzophenone)s

Pre-sulfonated
poly(p-phenylene)s

5 |
1998
.
: Cornelius, Loy

Ion exchange capacity and acid strength

The IEC of a polymer membrane notably impacts its ability to
generate hydrophilic channels, including the thresholds at
which isolated and interconnected water-rich domains
form.”>°? IEC governs membrane water uptake and total water

? Holdcroft

| Pre-sulfonated
| phenylated

\ polyphenylenes

). ) ) W

© lonomr Innovations, Inc.
Mechanically-reinforced
pre-sulfonated phenylated
polyphenylenes

Post-sulfonated phenylated
polyphenylenes
First use as a PEM

Fig. 3 Timeline for evolution of sulfonated polyphenylenes 28=30671-79 Corresponding authors from each publication are named.
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content. A polymer containing a greater number of acidic
functional groups exhibits more pronounced hydrophilicity
and absorbs more water upon hydration.>**° Water content
within membranes influences the tortuosity of formed
hydrophilic channels, impacts the overall dissociation of acidic
functional groups, as well as the analytical acid concentration
in the membrane.”**>'%® These parameters collectively
influence proton conductivity. Consequently, a multi-faceted
relationship exists between the structure of the polymer backbone,
its degree of functionalization, membrane morphology, and
physicochemical and electrochemical properties.'>**°

Similarly, the nature of the acidic functional group plays a
role in governing the properties of proton exchange membranes.
In this review, only sulfonic acid groups are considered because
they represent by far the most common means of acid-function-
alization in low temperature (<100 °C) polymer electrolyte
membranes. However, a clear difference exists between super
acidic sulfonic acid groups found in PFSAs (pK, ~ —6) and aryl
sulfonic acid groups found in polyaromatic hydrocarbon-based
PEMs (pK, ~ —1).°>° For example, in a series of syndiotactic
polystyrenes,'*® and poly(arylene ether sulfone)s,"'" function-
alized with either arylsulfonic acid or alkyl perfluorosulfonic
acid functional groups, the super acidic PFSA groups exhibited
increased dissociation of the proton, and enhanced ionic
character and better solvation of the sulfonate, compared to
arylsulfonic acid groups.'*®'"™ This in turn provided membranes
with higher proton conductivity under reduced relative humidity,
despite possessing a lower IEC, and was attributed to the way
water is distributed within the PEMs, and how it is affected by
membrane morphology as well as strength of the acidic functional
groups.”*'? S, Smedley et al.'*> showed that a greater number of
water molecules interact with each ionic head group in PFSA-
sulfonate functional groups versus aryl-sulfonates but that the
PFSA-SO; -H,O hydrogen bond is weaker.

The discrepancy in conductivity between PFSA-based PEMs
versus polyarylene PEMs is partly due to differences in functional
group acidity, which results in differing membrane properties
that must be considered when comparing materials from both
categories. For example, the IEC of a commonly used PFSA
reference material, Nafion 211, is 0.95-1.01 meq. g’l, which
affords ex situ proton conductivity values up to ~110 mS cm ™"
at 95% RH and 80 °C,'® but to achieve similar protonic
conductivity, hydrocarbon-based PEMs must typically employ >2x
the acid functionalization (IEC ~2.0 meq. g !).!h*>636697,113-115
While this may be lowered by employing block copolymerization
strategies to maximize the hydrophilic-hydrophobic phase
segregation within a material,>>"'®"*® literature reports of
highly conductive, fluorine-free PEMs possessing low acid
content (IEC ~ 1.0 meq. g~ ') are exceptionally rare.

Water content

Water uptake in proton exchange membranes is critical to their
function, and is related to the IEC, polymer backbone and
microstructure, and dependant on the phase-separated
morphology. Aspects of water content are often quantified as
water uptake and water content (wt%), volumetric expansion

4970 | Mater. Adv., 2021, 2, 4966-5005
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(vol%), and hydration number / (mol H,O0/mol SO;7)."** These
parameters are inter-related. Water uptake generally increases
with IEC, with increasing hydrophilicity of the hydrophobic
domain, and with reduced chain entanglement or reduced
interconnection of hydrophobic domains. The latter may be a
consequence of limited aggregation of the hydrophobic
domains and/or low molecular weight of the polymer."°

PEMs swell more in liquid water than in saturated water
vapor at identical temperatures. In the unique case of liquid
water and saturated water vapor where the activity of water is 1,
Nafion membranes, for example, absorb more water when
immersed in the former,"" a phenomenon known as “Schréeder’s
paradox”."®® The origin of this is due to differences in surface
morphology of the membrane in contact with liquid water versus
water vapor.'**> Water vapor sorption is a complex multistep process
involving the interaction of hydrophilic acid groups, and the
response of the hydrophobic domains to osmotic pressure.
Absorption from the vapour is non-linear and sigmoidal with
increasing water activity. Water vapor sorption data is more
representative of fuel cell operating conditions and can be
examined using the Park model,"**™** which comprises three types
of sorption: Langmuir-, Henry-, and clustering-type sorption, which
contribute to low, mid, and high water activity regimes, respectively
(see Fig. 4).

Proton conductivity

Proton conduction within hydrated PEMs occurs via combination
of three mechanisms. The vehicular mechanism represents
proton transport by movement of larger molecular “vehicles”
through hydrophilic channels, in the form of hydrated protons
(e.g., Hs0,", H,05", etc)>**'%%1% The Grotthus mechanism
represents proton transport via structural diffusion through the
bulk aqueous phase, wherein protons are “passed” via continuous
formation and breaking of hydrogen bonds with surrounding
water molecules and clusters.>**'%'%* A surface transport
mechanism involves transport of protons between anionic
-SO;~ head groups located along the walls of the hydrophilic
channels.*?*1%1% [t ig generally believed that the Grotthus and
vehicular mechanisms are more facile and yield appreciable ionic

- Langmuir
Park model

6 4

4 -

< Henry
2 4
0 T -
0 05 1CIustering

Water Activity

Fig. 4 Park model for water absorption with increasing water activity.
Reprinted from J. Membr. Sci., 610, Y. Wu et al., “Water transport through
hydrocarbon-based proton exchange membranes”, #118276, Copyright
(2020), with permission from Elsevier.1?®

© 2021 The Author(s). Published by the Royal Society of Chemistry
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conduction compared to the surface mechanism, but are more
dependent on hydration, becoming insignificant under reduced
relative humidity.>>*19%104

Both the activity (ay+) and mobility (uy-+) of a proton impact
its overall conductivity (oy+), as per the Nernst-Einstein
relationship, eqn (1), where F is the Faraday constant.>*°” In
the context of PEMs, this relationship is modified because
conditions found within membranes are not adequately
represented by a traditional view of free ions in solution.
Instead of proton activity (aj+), the value for a membrane’s
analytical acid concentration, [SO;H], is commonly used.>*°’
This parameter is typically calculated from experimentally-
obtained values of a given membrane’s acid content, or ion
exchange capacity (IEC), and water content, and assumes
complete dissociation of sulfonic acids. It more suitably
accounts for the numerous differences which may exist
between distinct materials, such as the degree of dissociation
of the acid functional groups (e.g., aryl versus perfluorinated
sulfonic acid groups), and number of water molecules per
acidic functional group (4).>*°” Likewise, instead of proton
mobility (ug+), an effective proton mobility (uj;. ) is determined

23,97 1t accounts for

from experimentally-obtained parameters.
the various factors which impact ionic mobility within a
membrane, such as the distribution and uniformity of ionic
functional groups, as well as the overall tortuosity of proton
conducting hydrophilic channels.>**” With these considerations
in mind, proton conductivity of a PEM may be described using

eqn (2).>>%
o+ = Flag+)(puv) (1)

on+ = F([SO3H]) (i) )

Molecular modeling, including molecular dynamics simulations,
coarse-grained modeling, and density functional theory, are
used for describing the complex morphology and proton trans-
port within polymeric systems. For instance, simulations of a
PEM in changing hydration conditions may provide researchers
with information regarding sulfonic acid dissociation behavior,
the threshold at which a percolated hydrophilic network is
formed, as well as its tortuosity, and hence valuable insights to
proton conductivity.®>'*® A large body of molecular modelling
work on PFSA ionomers exist in the literature; for further infor-
mation we direct the reader to a recent review on this topic.’
These techniques have also been applied to sulfonated, sterically-
encumbered polyaromatics (e.g,, polyphenylenes,’>>712%1%7
polyimides,’*® and polybenzimidazoliums),"* and to assess
chemical stability of hydrocarbon-based systems."*°

Water transport

Water transport is intimately linked to a membrane’s water
content and in the context of fuel cells, to the operating
conditions and current density of a particular fuel cell system
because of electro-osmotic drag (EOD),"*® which is the transport
of water associated with the transport of protons from anode to
cathode. The number of water molecules carried per proton is

© 2021 The Author(s). Published by the Royal Society of Chemistry
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defined by the electro-osmotic drag coefficient, Ng. In most
cases, Nq increases with hydration state of the membrane.
EOD is offset by the generation and build-up of water at the
cathode as a result of the oxygen reduction reaction. Water
transport through a membrane therefore involves a complex
interplay of processes, as illustrated in Fig. 5, including the rate of
water transport from the anode to the cathode by electro-osmotic
drag (Jeop), and the rate of water permeation (Jyp) from cathode
anode due to the oxygen reduction reaction. Both Jgop and Jwp
vary with current density, and both increase with increasing water
content of the PEM. Poor water management or an inability for
the PEM to transport water can lead to dehydration of the anode
or flooding of the cathode, both of which have deleterious
consequences on fuel cell performance.

Numerical modelling studies are often undertaken to under-
stand water transport processes involved in ex situ and in situ
water transport measurement outputs. These involve a wide
range measurements at different time- and length-scales and
include:’ steady-state permeation under a controlled chemical
potential gradient as driving force;"*! transient water diffusion
determined by dynamic vapor sorption (DVS);'** self-diffusion
using pulsed-field gradient spin-echo nuclear magnetic
resonance spectroscopy,'*>"** or quasi-elastic neutron scattering
(QENS);'* and indirect measurements such as time-resolved
SAXS/SANS,° or FTIR-ATR."*>"3® Steady-state water permeation,
which measures the molar water flux though the membrane
under a specific chemical potential difference of water, is achieved
by controlling the water concentration on both sides of the
membrane. Steady-state water permeation is a crucial facet of a
PEM pertaining to its ability to regain an even distribution of
water when subject to a water concentration gradient, such as
when in a fuel cell.'*>'3”'3® Moreover, steady state permeation
allows differentiation of liquid-vapor permeation (LVP), where
one side of the membrane is in contact with liquid water while the
other side is facing water vapor under regulated relative humidity,
from liquid-liquid permeation (LLP), where both sides of the
membrane are exposed to liquid water, and an external hydraulic
pressure is applied to one side as the driving force.

Chemical stability

Chemical degradation of PEMs in fuel cells has been a central
issue ever since their inception. Degradation is caused by in situ
generation of free radicals which chemically attack weak
linkages in the polymer chain. Hydroxyl (HO®), hydroperoxyl
(HOO®), and hydrogen (H*) radicals have been detected, but it
is the first two of these that are generally regarded as the most
prominent reactive species involved in the degradation
process.”*® There is no consensus on the mechanisms of
formation of these radicals, but the decomposition of H,0,
within fuel cells is assumed to play a role,"*° and membrane
thickness influences the rate of H,0, formation,'*' from
which it is inferred that gas crossover (H, and O,) leads to
the formation of H,0,. Hydrogen peroxide may also be
formed electrochemically through the two electron oxygen
reduction reaction,'** or via reaction of H, and O, on a Pt
catalyst.'**

Mater. Adv., 2021, 2, 4966-5005 | 4971
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Fig. 5 Water transport within a proton exchange membrane fuel cell.

The degradation of perfluorinated PEMs in fuel cells occurs
over the course of thousands of hours of operation, rendering
study of degradation impractical under standard operating
conditions. Thus, in situ accelerated stress tests (AST) have
been devised in order to accelerate PEM degradation and
progress the understanding of key durability issues within fuel
cells,"** while Fenton’s reagent tests are typically used as an ex
situ degradation method to provide insight into the degradation
pathways and chemical labilities of PEMs.'** Fenton’s reagent
tests are also used as quick and inexpensive screening tests for
novel PEMs; the radicals generated are in high concentration,
and hence degradation processes are easily detectable within
practical experimental durations (e.g.,, hours to days), but
questions remain concerning the applicability of Fenton’s
reagent tests to the understanding of membrane degradation
in operating fuel cells.®®'3%146:147

Gas permeability/impermeability

The ability of a PEM to impede the crossing of hydrogen fuel
from anode to cathode and oxygen from cathode to anode is a
critical characteristic, because excessive gas crossover leads not
only to severe safety issues but also lower cell efficiencies and
increases the rates of degradation of the membrane electrode
assemblies by allowing the formation of reactive free radicals.
Two properties that determine gas permeability are the solubility of
the gas in the membrane, and its rate of diffusion in the
membrane. The former is governed by Henry’s law; the latter, by
Fick’'s law. Common methods for measuring gas permeability
through membranes involve either a time-lag after applying a
pressure gradient on one side of a membrane,**® or in the case
of oxygen, an electroanalytical method using an electrode placed in
contact with the membrane.'**"*? Electrochemical measurements
are more suited for determining oxygen mass transport parameters
at the catalyst-ionomer interface and for ultra-thin membranes;
pressure-gradient methods are better suited for gas crossover
through membranes. No matter the method, gas permeability
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increases with increasing relative humidity because increased
water content of the membrane allows for higher rates of gas
diffusion.'**'>* Perfluorinated ionomers are known to dissolve
relatively high concentrations of non-polar gases such as hydrogen
and oxygen. This, coupled with a high rate of gas diffusion within
the membranes by virtue of their extensive network of hydrophilic
channels, renders PFSAs highly permeable to gases. Fluorine-free
membranes, on the other hand, generally dissolve lower
concentrations of gas, which can translate up to ten times lower
gas permeation.

Durability

Operation targets for PEM FCs are 5000 h for light duty
vehicles, 25000 h for heavy duty vehicles, and 40000 h for
stationary applications.'® During operation, fuel cells experience
a wide variety of operating conditions involving wide swings in
current density and internal water gradients which impart
mechanical stresses on the PEM. As the IEC of a membrane
increases, swelling at elevated hydration and embrittlement
during dehydration becomes more prominent. Continuous cycles
of swelling/de-swelling impose significant internal mechanical
stress on the membrane which will ultimately lead to cracks,
pinholes, or tears. Membrane degradation generally fall into

categories: mechanical, thermal, and chemical/electro-
chemical.’®® Mechanical degradation include cracks and
91,157,158

pinholes, and delamination, which typically results from
swelling/deswelling and large pressure differentials. Thermal
degradation typically involves decomposition of the membrane
itself. Chemical/electrochemical degradation is typically
associated with internal formation of free radicals that break
down the polymer and leads to thinning and loss of material,**°
a process that is linked in a complex manner to the membrane’s
water content, water transport, gas permeability, and inherent
chemical stability.

Durability is intimately interrelated to mechanical properties
of the membrane, which are generally compromised as

© 2021 The Author(s). Published by the Royal Society of Chemistry
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membranes are made thinner and thinner in order to lower their
resistance to proton transport and water transport. Moreover,
rates of gas transport increase with reducing membrane
thickness, which amplifies chemical and electrochemical
degradation. Membranes can be made stronger by reinforcement,
and membranes for commercial long-term use must realistically
be reinforced to be considered candidates. The topic of
mechanical properties is broad and exhaustive and is not covered
in this review. For more information the readers is directed to one
of a number of reports,”*?%9%160-162

Synthetic aspects

The design process for hydrocarbon-based materials is inherently
more diverse and flexible than in the case of perfluorinated
counterparts. The syntheses of PFSAs such as Nafion® employ
restricted and toxic per- and polyfluoroalkyl substances (PFAS),
and are typically synthetically complex and potentially
hazardous.'®*'®* By contrast, hydrocarbon-based materials such
as sulfonated polyphenylenes may be prepared from simple
organic starting reagents using a variety of easily accessible and
well-established organic chemistry transformations, such as tran-
sition metal-catalyzed cross-coupling reactions, (poly)condensa-
tion reactions, and Diels-Alder reactions. This opens the
possibility for numerous divergent synthetic strategies, and
has resulted in preparation of innumerable hydrocarbon-based
polymer electrolyte variants,'" 823165166

While there is a considerable diversity in synthetic strategies
available to researchers developing hydrocarbon-based PEMs,
materials should be designed with emphases placed not just on
performance and novelty of structures, but also on repeatability
and scalability. A synthesis with good repeatability will reliably
output a PEM with predictable properties, which is important for
batch-to-batch consistency in its performance metrics. The nature
and feasibility of synthetic procedures changes dramatically when
reaction scale is increased from laboratory and research scale (e.g:,
0.5-25 g) to proof-of-concept (e.g:, 50-500 g) and pilot production
scale (e.g., 1-10 kg) batches. Powerful and effective purification
strategies such as sublimation and column chromatography
become increasingly difficult. Reagent, solvent, and transition
metal catalyst costs do not change linearly, which limits the
directions that the synthesis of a prospective material can
proceed. For instance, the fundamental material input costs of
precious metal catalysts such as palladium are not affected by
economies of scale, which drives up the overall cost of popular
synthetic procedures such as Suzuki and Sonogashira cross-
coupling reactions. In addition, the environmental impacts and
local regulation statuses of solvents and reagents being used must
be considered (e.g, the European Union’s Registration,
Evaluation, Authorisation and Restriction of Chemicals (REACH)
program). A material with adequate performance metrics
designed with a scalable and green synthesis would hence be of
greater long-term value than one with higher performance but
with a challenging synthetic protocol.

In Fig. 6, we illustratively summarize the important aspects
to consider in designing proton exchange membranes for fuel cells.
A word of caution: many, if not all parameters, are inter-related and

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Attributes for consideration in the design of membranes for proton
exchange fuel cells.

inter-dependent. Each parameter needs careful consideration in
the context of other parameters. For example, increasing the IEC of
a polymer membrane will very likely increase its water content,
which in turn may increase its water transport and may or may not
increase its proton conductivity, depending on whether lambda
and analytical acid concentration increase or decrease. Increasing
water content may also increase gas permeability and thus
negatively impact chemical stability and/or mechanical durability
due to excessive cycles of swelling and deswelling. Increasing a
parametric value of one of the parameters will have disparate
effects on the polymer membrane’s characteristics. Each
membrane system requires careful analysis and consideration.
In the next section, we attempt to extract similarities and
dissimilarities of different sulfonated polyphenylenes, to the extent
that is reasonably possible given the diversity of structures,
methods, and the research groups reporting them.

4 Sulfonated polyphenylenes

Of all the classes of sulfonated polyarylenes reported to date,
the greatest momentum in recent years has been observed in
various derivatives of sulfonated polyphenylenes. While this
class of materials is more synthetically challenging compared
to sulfonated derivatives of poly(arylene ether)s, poly(ether
ether ketone)s, and related polymer backbones, they are thermo-
chemical more stable because the backbone comprises of only
aryl-aryl bonds. For instance, the bond dissociation energy of a
phenyl-phenyl bond, such as that of biphenyl (C¢Hs-C¢Hs =
479 4+ 6 kJ mol ') is ~35% larger than that of an aryl ether
analogue such as diphenyl ether (C4HsO-CgHs = 355 £ 6 mol ).’
More importantly, the electron-donating effect of the ether-oxygen
creates labile electron-rich points on neighboring aryl rings, which
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are more susceptible to attack by oxidative species such as HO®
radicals."**'%® Oxidative radicals are prevalent in many H,/O,
devices and are a primary driving force for in situ chemical
degradation of a polymer electrolyte membrane. Polymers that
are devoid of structural motifs open to such attacks are advanta-
geous for long-term membrane stability.'"°%'

Linear poly(p-phenylenes)

There are numerous approaches to the preparation of oligo and
poly(phenylene)s. Transition metal-catalyzed cross-coupling
reactions, for instance, are an excellent means of forming
aryl-aryl bonds."® This method of polymerization allows
precise control over the regiochemistry of the resulting polymer
backbone. For example, coupling of para-functionalized
aromatic monomers results in a strictly para-functionalized
polymer backbone, or a poly(para-phenylene). However, poly-
phenylenes comprised entirely of para linkages are notoriously
insoluble in common organic solvents due in-part to their rigid-rod
nature.”” 7> The greatest challenge to their direct preparation
using transition metal-catalyzed techniques is that they precipitate
at low molecular weights, terminating polymerization.'”""
Strategies such as functionalization of phenylene monomers, and
hence polymer backbone, with solubility-enhancing groups have
been adopted. For example, J. K. Kallitsis et al. prepared poly
(p-phenylene)s via Suzuki cross-coupling of monomers substituted
with hexyl chains,'” yielding soluble polymers with up to 18
phenylene repeat units. A different approach involving a Ni- and
Zn-mediated  homocoupling of  2/,3'-disubstituted  poly
(pterphenylene)dichlorides to yield partially phenylated poly
(p-phenylene)s is also reported,'”* wherein bulkiness of the 2/
and 3’ aryl substituents was attributed to improved polymer
solubility. Polymers with degrees of polymerization (DP,) up to 80
are reported, equivalent to 240 benzene rings."”*

However, pristine poly(p-phenylene)s remain a synthetic
challenge.'® In fact, only recently was a feasible approach to
their preparation reported,'””” which involved polymerization of a
non-aromatic precursor to initially yield a soluble, non-aromatic
polymer from which was thermally generated pristine poly(p-
phenylene), in a solventfree environment.'”> Post-functionalization
of poly(p-phenylene) to its sulfonated analogue has not been
reported, likely due to the aforementioned challenges.'”>'7®

Sulfonated poly(p-phenylene)s have been prepared by M. Litt
and coworkers.>>*>*>** A pre-functionalization approach
was utilized, in which biphenyl monomers containing sulfonic

Scheme 1 A representative polymerization of sulfonated poly(p-phenylene)s, as reported by M. Litt and coworkers.
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acid-ammonium salts were first synthesized, after which
polymerization of the biphenyls was achieved using the
copper-catalyzed Ullman reaction. Following ion exchange,
the resulting main-chain functionalized acid-bearing poly
(p-phenylene)s were obtained, as shown in Scheme 1. Both
the pre-functionalized hydrophilic monomer and resulting
polymers showed improved solubility compared to pristine
poly(p-phenylene).** While this work established sulfonated
polyphenylenes as a viable polymeric architecture for PEMs,
challenges remained concerning the integrity and mechanical
strength of their membranes, which are attributed to the rigid
rod-like nature of the poly(p-phenylene) backbone.>**%***

M. Litt et al.****** would use their synthetic approach to
report on various other poly(para-phenylene)s as proton
exchange membranes for PEMFCs. The sulfonated polymers
PPDSA, PBPDSA, and BXPY (see Fig. 7) were prepared through
copper-mediated Ullman coupling reactions between pre-
functionalized acid-bearing monomers. Pre-functionalization
of monomer units was beneficial because it increased the
solubility of the growing polymer chains in polar solvents.
However, the reported polymers were soluble in water, so for
most practical applications, further research was necessary. An
additional series of copolymers based on PPDSA and PBPDSA
were reported, which incorporated cross-linkable aryl groups
(e.g., biphenyl) grafted to some (5 to 55%) of the sulfonic acid
moieties on the polymer main chain. Thermal cross-linking of
these groups yielded insoluble membranes with proton con-
ductivities approaching 200 mS cm™'. However, no information
on membrane mechanical properties, water sorption, chemical
stability, or in situ evaluation was reported.>®°

In addition to generating water insoluble PEMs, the research
group also looked to use grafts to manage water content, and
hence proton conductivity. The authors hypothesized that rigid-
rod polymers, such as poly(para-phenylene)s, would possess a
certain level of intrinsic porosity within membranes, termed
“frozen-in” free volume, due to lack of conformational mobility
of the rigid chains versus more flexible structures such as
poly(arylene ether)s,*® as shown in Fig. 8. It was postulated
that incorporating bulky grafts would further increase frozen-in
free volume by preventing chains from efficiently packing,
which would allow the membranes to retain more water at
low environmental humidity (Fig. 8c).*>** Many grafting moieties
including biphenyl, 2,6-di-t-butylphenyl, +butylbenzene, neopentyl
benzene, n-octylbenzene, and n-dodecylbenzene were utilized,

SO5H

HO;S

n

29,40,42,43
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Fig. 7 Chemical structures of the precursor rigid-rod proton conducting membrane polymers: (a) poly(p-phenylene 2,5-disulfonic acid) (PPDSA), (b)

poly(p-biphenylene 3,3’-disulfonic acid) (PBPDSA), and (c) polyl(p-biphenylene 3,3’-disulfonic acid)-co-(p-phenylene 2,5-disulfonic acid)] (BXPY).
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Fig. 8 Schematic representation of the “frozen-in" free volume concept
in polymer electrolyte membranes during dehydration, as described by M.
Litt and coworkers.*>#4 (a) A polymer containing a flexible backbone, (b) a
rigid-rod polymer with restricted reorganization, which retains more
hydration within its structure at low relative humidity, and (c) a rigid-rod
copolymer with further restricted reorganization and enhanced hydration
within its structure, due to bulky grafted moieties.**4*

although biphenyl was the sole cross-linking moiety employed.
Several grafted and cross-linked poly(para-phenylene)s exhibited
proton conductivities greatly surpassing Nafion® under both high
and low humidity.*’™** For example, n-octylbenzene grafted,*
and biphenyl crosslinked poly(para-phenylene)s,® possessed
proton conductivities up to 10x greater than Nafion® (e.g,
~100 mS cm™* at 30% RH and ~900 mS cm ' at 95% RH,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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80 °C).** The high proton conductivity under low relative humidity
was attributed to the high frozen-in free volume within the
PEMs.*'™** Unfortunately, poor mechanical properties limited their
practical application.”>*>** The poor mechanical properties may
have been due to the rigid-rod character of the polymer backbone,
or the nature of the Ullman reaction, whereby even with
pre-functionalized monomers, polymerization is terminated at
low molecular weights as polymers precipitate out of the reaction
medium.”>*> For an in-depth overview of sulfonated poly(p-
phenylene)s, including grafted analogues possessing hydrophobic
or cross-linkable moieties, and their characteristic morphologies,
the reader is directed to a recent review on the topic.**

M. Rikukawa et al.'’” reported on a series of side-chain
sulfonated poly(p-phenylene) diblock copolymers which
possessed hexyloxy and (4-sulfophenyl)butoxy side chains SP1-
P2(m-n) prepared via successive catalyst-transfer polymerization,
as shown in Fig. 9. The ratio of hydrophilic to hydrophobic
blocks, m:n, were 28:262,44:178,34:141, 44:141, 62:141, and
74:164, with ion exchange capacities ranging between 0.96—
2.42 meq. g~ """ Microphase separation, probed by atomic force
microscopy (AFM), was found to depend on the hydrophobic and
hydrophilic block length, as well as their unit ratios. The high IEC
block copolymers possessed proton conductivity values comparable
to Nafion®™, higher than a random copolymer reference based on
the same monomers, SP1-r-P2, and displayed lower water uptake
values compared to a similar polyphenylene homopolymer poly(p-
phenoxybenzoyl-1,4-phenylene) (IEC = 2.86 meq. g ). Accordingly,
block copolymerization may be viewed as an effective means of
controlling polymer morphology and enhancing microphase
separation in polyphenylene-based ionomers.

Kinked, sulfonated polyphenylenes

More recently, in 2017, K. Miyatake et al.** reported on a series

of sulfonated polyphenylenes containing a mixture of meta and

=

SP1-P2(m-n)
Fig. 9 Diblock copolymer SP1-P2.177
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para-linkages throughout the polymer backbone. The sulfonated
polymer SPP-QP (see Fig. 10) was prepared using a Ni-mediated
cross-coupling reaction between monomer units QP and SP. In
this report, the authors acknowledged limitations with poly(para-
phenylene) ionomers, including low solvent solubility, poor-
membrane forming capability, and low membrane flexibility.*>
It was proposed that incorporation of meta-phenylene groups
would lead to small persistence lengths of the polymer chain,
which would allow the polyphenylene backbone to behave as a
flexible coil, promoting molecular entanglement and the
formation of tough, flexible membranes.*> Analysis of mechanical
properties of SPP-QP membranes revealed an elongation at break
of 68%, a value unparalleled among polyphenylene-based PEMs,
that resulted in high in situ wet-dry cycle durability.>* Moreover,
SPP-QP is reported to possess oxidative stability, with nearly
perfect retention of properties (~100%) including remaining
weight, molecular weight, IEC, and membrane flexibility following
2 hours of treatment with Fenton’s reagent (3% H,0, and 2 ppm
Fe**).*> In contrast, a reference membrane containing ether,
sulfone, and ketone linkages retained 7, 5, and 0% of its original
weight, molecular weight, and IEC, respectively, following the
same treatment.*

A follow up report by R. Shimizu et al.'”® in 2019 detailed an
in situ accelerated stress durability assessment of the
sulfonated polyphenylene SPP-QP.'”® The report presented
similar oxidative stability, and SPP-QP outlived comparable
heteroatomic linkage containing polyaromatics, and a Nafion®
reference membrane. However, mechanical measurements
suggested the SPP-QP membranes were brittle,"”® conflicting
with the prior 2017 report.*> To combat membrane brittleness,
the authors modified MEA and fuel cell components such as
gaskets and GDLs with softer variants to reduce physical
stresses exerted upon the membrane during assembly and
operation, which led to improved durability.”® The effects of
modifying SPP-QP with alkanediols with various chain lengths
(Cn: n = 4, 8, and 12) was also explored.® The results indicated
only a minor change in properties (such as ionic domain size,
water uptake, and proton conductivity) although elongation at

SPP-QP

Cl Cl

Y,
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break increased in the order of n = 12 (24%) < 8 (84%) < 4
(99%), providing possible avenues towards further improving
on the flexibility of polyphenylenes.*® In addition, J. Miyake
et al. also applied SPP-QP as the polymer electrolyte membrane
in state-of-the-art rechargeable PEMFCs comprised of a solid-
state organic hydride hydrogen storage polymer.'”® When
compared to reference cells containing Nafion 212 as the
PEM, the SPP-QP-based cells exhibited > 2x stable operation
time, and were cyclable to at least 50 cycles."”®

The QP monomer, which is used in synthesis of SPP-QP
(see Fig. 10),>* requires a two-step Suzuki-Miyaura coupling. In
contrast, a next-generation sulfonated polyphenylene random
copolymer SPP-BP containing a mixture of meta- and para-
phenylene groups was prepared without the QP monomer,
and hence without need for a multistep monomer
synthesis.*® Instead, a mixture of dichlorobenzenesulfonic acid
as the sulfonated monomer, and two, differently substituted
dichlorobiphenyls (para-para and meta-meta), was utilized.*>
This strategy reduced material cost by approx. 23% and
simplified the overall polymer synthesis. In addition, a similar,
but more tunable polymer backbone was achieved, wherein it
was possible to modulate polymer properties by controlling the
monomer feed ratio.*’

In this work, the ratio of the meta-phenylene, para-phenylene,
and sulfonated monomers, BPmm, BPpp, and SP, respectively,
were varied to alter the IEC and overall meta-phenylene content
of the resulting SPP-BP polymer.*> As the meta-phenylene
content was increased from 0 to 100%, the solubility in
polar aprotic solvents, and molecular weights (up to M, =
138000 g mol ") of the polymers generally increased, compared
to the strictly para sulfonated polyphenylene SPP-BP-a.*> The
composition, ion exchange capacity, molecular weight, yield,
solubility, and membrane forming capability of this series of
polymers is overviewed in Table 2. The polymers were prepared
in high yield ranging from 85-98%. Of the polymers prepared,
however, only SPP-BP-d formed thin, bendable membranes.
The highest meta content polymers, SPP-BP-e and f, did not
form self-standing membranes, potentially due to an inability to

SOzH 1) K,CO3, 2,2"-bipyridine

DMSO, toluene, 170 °C, 2 h

2) Ni(cod),, 80 °C, 3 h

SP

SO;H

Fig. 10 Synthesis of SPP-QP. Adapted from previously published work. Sci. Adv., 2017, 3 (10), Artiecle #eaao0476, J. Miyake et al., "Design of Flexible
Polyphenylene Proton-Conducting Membrane for next-Generation Fuel Cells”.3?
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Table 2 Polymer properties of SPP-BP copolymers prepared via varied meta—meta (m), para—para (p), and sulfonated (s) phenylene monomer feed

ratios*®

Monomer ratios

Molecular weight (M, in kDa)

[e]]
Cl
L,
cl Cl
m P s

Polymer IEC (meq. g7") M, b DpP, Solubility in DMSO or DMF Membrane forming?
SPP-BP-a 0.00 1.09 1.00 3.8 16.8 7.1 36 X N/A

SPP-BP-b 0.12 0.97 1.00 3.5 25.3 4.5 55 X N/A

SPP-BP-¢c 0.55 0.55 1.00 2.8 35.2 3.9 75 X N/A

SPP-BP-d 0.88 0.22 1.00 2.4 36.6 3.7 79 I I

SPP-BP-e 0.97 0.12 1.00 2.5 28.0 3.4 61 I X

SPP-BPf 1.09 0.00 1.00 2.2 23.1 3.2 50 I X

SPP-QP N/A N/A N/A 2.6 27.6 4.4 51 I I

achieve sufficient chain entanglement; the authors did not
comment on the para-dominant polymers SPP-BP-a through c.*’
However, it is worth noting that because SPP-BP-a is comprised
purely of para phenyl-phenyl linkages, the challenges observed in
its membrane forming and solubility are likely due to its rigid-rod
nature, as per sulfonated poly(p-phenylenes).>**%4%43

Numerical calculations revealed that the backbone of
SPP-BP-d, containing an 88:22 meta-phenylene to para-phenylene
ratio, was more likely to contain shorter sequenced lengths of the
hydrophilic and hydrophobic components when compared to
SPP-QP, which the authors rationalized may have contributed to
the lower observed water uptake in the former. Small angle X-ray
studies revealed a lack of periodic structure in the hydrophilic
domains in SPP-BP-d, likely due to higher degree of randomness of
the molecular sequences in its main chain. Proton conductivity of
SPP-BP-d membranes at 80 °C was slightly lower than SPP-QP;
however, when plotted as a function of hydration number (%), the
proton conductivities were nearly identical. This suggested that
there were similar proton transport pathways through both
polymer membranes. Oxidative stability, evaluated via Fenton’s
reagent test, revealed nearly complete retention of weight,
molecular weight, and IEC for both SPP-BP-d and SPP-QP. A drastic
difference in mechanical properties was however reported, with
measured elongation at break (at 80 °C/60% RH) of 37 and 68% for
SPP-BP-d and SPP-QP, respectively, possibly due to the smaller
hydrophobic domain size in the former.*’

Side-chain sulfonated polyphenylenes

The coupling of dichlorobenzophenones and derivatives to
afford sterically-encumbered polyphenylene backbones has
been reported by various research groups over recent
decades.**"'87183 These polyaromatics possess aryl ketone

© 2021 The Author(s). Published by the Royal Society of Chemistry

(benzoyl) side chains on a poly(p-phenylene) backbone. Post-
sulfonated poly(benzophenone)s such as poly(benzoyl-1,4-
phenylene) and its derivative poly(p-phenoxybenzoyl-1,4-
phenylene), illustrated in Fig. 11, are thermally stable up to at
least 215 °C. When evaluated as membranes in direct methanol
fuel cells, the membranes possess considerably lower (approx.
10x) methanol permeability than Nafion®.'®® The polymers
commonly exhibit good solubility in polar aprotic solvents and
are able to form self-standing membranes, although at high
degrees of sulfonation (e.g., >65%) they are soluble in methanol
and water.*>*" Modifying poly(p-phenoxybenzoyl-1,4-phenylene)
with alkyl grafts of varying lengths (n-propyl, n-dodecyl, or
n-octadecyl) has negligible impact on proton conductivity and
water uptake, however, gas permeability is significantly higher in
the n-propyl grafted analogue.'®?

Post sulfonation of polymers affords ill-defined structures
where individual rings may be mono or poly-sulfonated.'®
Pre-sulfonation of monomer units to afford sulfonated
poly(benzophenone)s is a more robust method that allows precise
control over the IEC through modification of monomer stoichio-
metric ratios."®" Thus, a pre-sulfonated poly(benzophenone) with
an IEC of 2.78 mmol g~ ' displayed a proton conductivity of
174 mS em™ " at 30 °C and 100% RH (approx. 2.5x higher than
Nafion® reference) at a moderate 54 wt% water uptake.'®!
In addition, a high tensile strength in the dry and hydrated state
of 79 and 20 MPa, respectively, were noted."® Partially fluorinated
poly(benzophenones) have also been investigated, with IECs more
similar to that of Nafion® (1.3 vs. 0.9 meq. g ', respectively),
although the electrochemical performance of such polymers
as PEMs is rather poor in comparison."®* In terms of
morphology of alkyl grafted poly(benzophenone)s, longer side
chains facilitate more phase segregation, however, the proton

Mater. Adv., 2021, 2, 4966-5005 | 4977
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Fig. 11 Structure of two types of poly(benzophenone)s poly(benzoyl-1,4-phenylene) (a) and poly(p-phenoxybenzoyl-1,4-phenylene) (b)

conduction is similar in both short and long alkyl grafted
membranes.

Since 2014 W. Kim and co-workers, reported on a
number of side-chain sulfonated polyphenylene variants for
PEMFC applications. These polyphenylenes, which were all
prepared through Ni-catalyzed cross-coupling reactions of
dichlorophenyl monomers, contained various combinations
of tetraphenylethylene and/or benzoyl moieties, including

53-63
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branched and alkyl-chain-grafted derivatives. A summary
listing the IEC, water uptake, hydration number (1), proton
conductivity (oy+), and maximum power density (in a PEMFC),
of the aforementioned polymer systems is collated in Table 3.
The values listed correspond to the polymer within each system
with the highest ion exchange capacity, as indicated. In all
cases, polymer backbones are made up entirely of sp” linkages.
Variants possessing ethers, ketones, sulfones, and imides in

Table 3 Comparison of ion exchange capacity (IEC), water uptake, hydration number (1), ex situ proton conductivity (o+), and in situ fuel cell power

density in PEMs prepared by W. Kim et al. Data in this table was accumulated from previously published wor

k53—63

Polymer IEC” (meq. g ") Water uptake? (wt%) 7P (nH,0/S0;H) oy (mS em™) Power density (W cm™?) Ref.
a 3.02 114 21.0 109¢ 0.63 53
b 2.51 105 23.3 108° 0.65% 54
c 2.14 72 18.6 103° — 55
d 2.51 88 19.5 109¢ 0.65% 56
e 2.07 69 18.6 1024 0.56° 58
f 2.45 91 20.7 162° — 59
g (linear) 1.85 42 12.6 92¢ 0.49" 60
g (branched) 1.65 35 11.8 95°¢ 0.60" 60
h (post) 2.30 78 18.9 93¢ 0.61" 62
h (pre) 1.93 85 24.4 95° 0.61" 63
i 1.76 68 21.3' 143° 0.65" 61

HO3S

“ Highest reported IEC value. * Measured at 80 °C. © Measured at 80 °C and 90% RH. ¢ Measured at 80 °C and 100% RH. ° Measured at 90 °C and 90% RH.
/ Measured under fully humidified inlet conditions at 80 °C under Hy/air. £ Measured under fully humidified inlet conditions under Hy/air, temperature not
reported. " Measured under fully humidified inlet conditions at 70 °C under Hy/air. / Hydration number defined as n H,O per 7 sulfonimide.
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the backbones were also reported,>”'#* %% however, these will
not be discussed as this review focuses solely on wholly
aromatic polyphenylene backbones.

Cumulatively, the work by W. Kim and co-workers intro-
duced a number of promising polyphenylene-based candidates
for electrochemical device applications. The PEMs generally
exhibit proton conductivities comparable to that of Nafion®,
with a few notable exceptions exceeding it (f and i). The flexible
sulfonic acid alkyl side-chains in f may have promoted hydro-
phobic/hydrophilic phase separation creating well-connected
ionic domains, leading to the enhanced proton conductivity
observed. However, while polymer f possessed a significantly
higher proton conductivity (162 mS cm™') than the other
polymer systems, its in situ fuel cell performance was not
evaluated. The high proton conductivity of i was likely due to
the greater acidity of the sulfonyl imide group compared to
sulfonic acid groups. The membranes also possessed appreciable
chemical stability, owing to the polyphenylene backbone, as well as
varying degrees of dimensional stability, where higher IEC values
typically resulted in higher water uptake. Unfortunately, the studies
lack an in-depth assessment of membrane mechanical properties,
such as stress vs. strain relationships, as well as comprehensive
in situ electrochemical characterization and stability evaluation
(e.g., accelerated stress tests at open circuit voltage and wet-dry
cycling). Such aspects are critical to consider when designing
materials for electrochemical device application and highlight an
area in need of additional focus and improvement.

5 Sulfo-phenylated polyphenylenes
Phenylated polyphenylenes

In the early 1930’s, W. Dilthey et al.*®® reported the first use of
an alkyne-based dienophile (diphenylacetylene) with a cyclic
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cyclopentadienone diene (tetracyclopentadienone, or ‘tetracy-
clone”) in a [4+2] Diels-Alder cycloaddition to give hexaphenyl-
benzene (Scheme 2a). Following formation of the expected Diels-
Alder adduct, the bridging carbon monoxide moiety was sponta-
neously extruded to generate a new phenyl ring in situ which
prevented reversibility of the reaction. This approach represented
a new means of synthesizing oligophenylenes whereby the desired
product was obtained simply from two reactants and heat,
without use of catalysts or additives. W. Ried et al’®’” later
performed this condensation reaction using di and tetra-
functionalized dienophiles to generate more complex oligophe-
nylenes. In addition, the reaction between a bi-functionalized
diene (1,4-diethynylbenzene) and bi-functionalized dienophile
(bistetracyclopentadienone, or “bistetracyclone”) to generate a
phenylated polyphenylene was described (Scheme 2b).”®”” The
resultant polymer exhibited a high melting point (Ty,) of 420 °C.”®
The chemical linkages formed in these Diels-Alder polypheny-
lenes are drawn ambiguously because there are two possible
orientations which the incoming diene may occupy with respect
to the dienophile during reaction, resulting in formation of either
a meta or para aryl bond, as per Scheme 3.

In preliminary work reported by Z. B. Shifrina et al.'®' the
ratio of meta to para linkages formed in the Diels-Alder poly-
condensation was probed using crystal structures of oligophe-
nylene model compounds prepared using the same reaction."®’
The authors concluded that the primary isomer was meta (83%
of isomers), however, no information regarding minor products
or the respective polymer was reported.

In addition to the aforementioned reports, phenylated
polyphenylenes were also comprehensively investigated by J. K.
Stille and coworkers,57%19%192719 por example, H. Mukamal
et al.'*® reported on a series of polymers prepared via Diels-Alder
polycondensation using simple reagent grade toluene as solvent,
versus the cis-B-dekalol previously employed by W. Ried et al.”®””

QO C >
o+ I OOO
5 A LT

OOO I

-0

Scheme 2 Preparation of (a) hexaphenylbenzene, and (b) phenylated polyphenylene,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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via Diels—Alder condensation.
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Scheme 3 A [4+2] Diels—Alder polycondensation with two possible regiomeric products per aryl linkage formed.

The white polymer powders, which were obtained following a
pressurized reaction at 200 °C for 24 h in ~90% yield, showed
excellent thermal stability via thermogravimetric analysis with a
major decomposition onset point at 550 °C in air and 575 °C
under nitrogen.'”> When pyrolyzed at 750 °C under nitrogen,
volatile hydrocarbon products containing benzene, biphenyl,
and larger oligophenylenes were obtained from the phenylated
polyphenylenes totaling 30% of the initial sample mass."®> The
remaining black, insoluble residue contained markedly fewer
monosubstituted phenyl units via IR analyses, indicating loss of
phenyl groups from the highly phenylated polymer backbone
and formation of poly(p-phenylene)-like structures."*?

All the phenylated polyphenylene variants reported were
readily soluble in common organic solvents (e.g., toluene,
chloroform) despite possessing a polyphenylene backbone.'*"%>
The enhanced solubility versus poly(p-phenylene) was attributed to
the large degree of phenyl substitution, which dramatically
improved material processability.*"""**> For an overview on early
work in cycloaddition polymerizations such as that described
above, the reader is directed to the 1972 review published by J. K.
Stille.”® These early reports identified phenylated polyphenylenes
as an interesting class of materials which were readily soluble
and possessed a highly thermochemically stable backbone.
In addition, the Diels-Alder polycondensation was established
as a invaluable tool for synthesis of a diverse range of such
polymers,”®7781:170:189,190,1927196 g additional reading on more
recent developments in oligo and polyphenylenes, such as those
prepared by Diels-Alder polycondensation,"” as well as higher
order polyphenylene nanosctructures derived therefrom,'® the
reader is directed to reviews by A. J. Berresheim et al.,'*® and
1. Hou et al.™”’

Post-sulfonated phenylated polyphenylenes

In 2005, a series of sulfonic acid-functionalized polyphenylenes
for electrochemical applications was reported by C. H. Fujimoto
and coworkers.?® These materials are referred to as sulfonated
phenylated polyphenylenes (sPPPs), or sulfonated Diels-Alder
polyphenylenes (SDAPP). Because two different nomenclatures
exist in the literature, this review will use both acronyms as per
the original work being reviewed. The reader is reminded that

4980 | Mater. Adv, 2021, 2, 4966-5005

both acronyms - sPPP and SDAPP - refer to the same class of
materials, which are obtained via Diels-Alder polycondensation,
are comprised entirely of aryl-aryl linkages free of heteroatoms and
contain side-chain sulfonation in the form of benzenesulfonic acid
moieties. The synthetic approach reported for these polyelectrolyte
materials differed greatly from other PEMs in literature, such as
transition metal-catalyzed cross-coupling reactions, in that no
additives (e.g:, acids, bases, or catalysts and ligands) were required
to generate the parent non-functionalized phenylated polypheny-
lene (PPP) backbone. While post-functionalization of a similar
phenylated polyphenylene (PPP) backbone was successfully
achieved decades prior by VanKerckhoven et al,** who used
sulfuric acid to impart water solubility onto the hydrophobic
polymer, no information regarding acid content or position of
the attached sulfonic acid groups, or any further work, was reported
for the materials.

C. H. Fujimoto et al.*° reported the synthesis and controlled
post-functionalization of PPP using chlorosulfonic acid to give
SDAPP (see Scheme 4), which was for the first time examined as
a proton exchange membrane. The post-functionalization
technique imparted solubility in polar aprotic solvents such
as DMSO, but the polymer remained insoluble in water.
Sulfonation was thought to occur predominantly at the para
position of the pendant phenyl rings due to steric limitations of
the highly encumbered structure, although structural
characterization was insufficient to support this hypothesis
unambiguously. Four statistically-sulfonated polymers with
varied acid contents were examined, containing from 0.8 to
2.1 sulfonic acid moieties per repeat unit (Scheme 4) with
molecular weights (M,,) up to 83 kDa, corresponding to a degree
of polymerization of ~ 89 repeat units.

The initial investigation of sPPPs provided sufficient motivation
of their viability as a class of polymers for PEM applications.*
Furthermore, the simple D-A synthesis, free of potentially sensitive
additives or complicated synthetic procedures, was notably
attractive. B. R. Cherry et al."®® probed the hydrated morphologies
and ionic domain sizes within dehydrated membranes of the
aforementioned sPPPs using solid-state "H magic angle spinning
NMR."® In the dehydrated state, the activation energy of mem-
branes was found to be ~ 18 k] mol !, which was much lower than

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 4 Post-sulfonation of PPP to sPPP (SDAPP).*°

that of imidazole-based PEMs (128 k] mol ") and suggested that
proton conduction arose from a combination of vehicular and
Grotthuss transport mechanisms. The domain size of the
hydrophilic sulfonic acid moieties (clusters) depended on the
dimensionality (¢) of the hydrophilic domains present, and
calculated to be ~4.4, 8.8, or 13.2 nm for ¢ = 1, 2, or 3, respectively,
which is slightly less than that reported for a sulfonated
poly(arylene ether sulfone) reference material (10-25 nm).'*® While
the latter measurement was obtained using different characterization
techniques,'” the authors hypothesized that the reduced domain
size observed in SDAPP membranes was a result of reduced rotational
freedom associated with the highly rigid polyphenylene backbone.'*®
These findings provide important information regarding the
morphology of sPPPs in membrane form, and their potential
implications to proton conductivity.

An alternative method to post-functionalization of phenylated
polyphenylene uses Friedel-Crafts chemistry, as reported by
S. M. Budy and D. A. Loy.** Here, PPP in dilute solution was
reacted with 1,3,5-benzenetrisulfonyl chloride and FeCl; Lewis
acid, which yielded its quantitative conversion to a sulfonylated-
branch phenylated polyphenylene possessing either 1 or 2
pendant aryl sulfones. When hydrolyzed, polymers possessing
2 or 4 sulfonic acid moieties per repeat unit, respectively, were
obtained, which exhibited IEC values of 1.87 and 2.90 meq. g,
respectively.® High IEC membranes were insoluble in water,**
which was an improvement over previously reported post-
sulfonated sPPPs which formed hydrogels at high degrees of
sulfonation (>2.1 acid groups per repeat unit).*® The reduced
solubility in water was attributed to a high extent of segregation
of the hydrophilic acid groups from the hydrophobic polymer
backbone.**

Hydration and proton conductivity of SDAPP membranes.
The water uptake and proton conductivity of post-sulfonated
phenylated polyphenylenes were probed by M. Hickner et al.,>*
who evaluated sPPPs (SDAPP) with varying degrees of acid
functionalization, ranging from 0.8 to 2.1 sulfonic acid groups
per repeat unit (IEC = 1.04 to 2.20 meq. g ') prepared by
controlling the degree of sulfonation, and compared them to a
Nafion 117 reference (IEC = 0.91 meq. g ). A clear relationship
between polymer IEC and membrane water uptake, hydration
number (1), and proton conductivity (y+) was observed (see
Table 4).>°° The membranes exhibited appreciable proton con-
ductivity (123 mS cm™ '), higher than the Nafion 117

© 2021 The Author(s). Published by the Royal Society of Chemistry
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reference (100 mS ¢cm™ "), at the highest IEC evaluated, but
simultaneously displayed much larger water uptake and
hydration number values.”® The lower IEC membranes
contained primarily bound water, whereas the higher IEC
membranes possessed a larger volume of unbound water,
enabling more favorable proton conduction.

E. G. Sorte et al.®® examined an expanded series of post-
sulfonated phenylated polyphenylenes with differing degrees of
functionalization, wherein the number of sulfonic acid groups,
S, per polymeric repeat unit was synthetically varied from
S =1.3 to 3.6. The corresponding membranes exhibited experimental
ion exchange capacities of 1.5 to 3.4 meq. g ', respectively.”’
The mass of membrane samples and their corresponding water
content increased as a function of both relative humidity and degree
of sulfonation. Each sample exhibited non-linear water adsorption
similar to that of Nafion, with increased water uptake occurring
at >50% relative humidity. These changes were attributed to
morphological changes occurring within the gradually hydrating
samples, such as formation of a percolated network of ionic
domains.®® At 98% RH, the number of water molecules per sulfonic
acid moiety, 4, decreased with increasing IEC, from 4 = 20.3 to
11.6 for membranes with IECs of 1.5 to 3.4 meq. g, respectively.®®
The maximum proton conductivity (90 °C, 90% RH) measured for
each sample was strongly dependent on degree of sulfonation
(and hence IEC), increasing from 30 mS cm ™" at 1.5 meq. g~ " to
169 mS cm ' at 3.4 meq. g .® Proton conductivity activation
energies, calculated from NMR and impedance data, generally
decreased from 31.3 I§J mol " (highest) to 9.2 k] mol " (lowest) with
increasing degree of sulfonation (S = 1.3 to 3.6, respectively) and
relative humidity (RH = 33 to 98%). A decrease in activation energy
at higher degrees of sulfonation was linked to an increased
contribution from the Grétthuss ion conduction mechanism. These
values compared favorably to those of sulfonated poly(ether ketone)-
based membranes (30 to 90 k] mol '), as well as Nafion (10-
29 kJ mol ™ ").*® These findings further affirmed that transport occurs
most readily in high IEC post-sulfonated phenylated polyphenylenes.

The role of water on ultrathin post-sulfonated phenylated
polyphenylenes membranes was probed by L. He et al.**" via
neutron reflectometry using films less than 60 nm thick with
differing IECs (0.98, 1.60, and 2.20 meq. g ). Non-uniform
distributions of water were observed within the films due to
interfacial forces stemming from polymer interactions with
both the solid support (oxidized silicon wafers), as well as the

Mater. Adv,, 2021, 2, 4966-5005 | 4981


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ma00511a

Open Access Article. Published on 13 July 2021. Downloaded on 7/19/2025 12:13:58 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Materials Advances

Table 4 Membrane properties of post-sulfonated phenylated polyphe-
nylenes (SDAPP) with varied degrees of acid functionalization, and Nafion
117, measured at 30 °C. Reprinted from Polymer, 47 (11), 4238-4244, M.
Hickner et al, “Transport in Sulfonated Poly(Phenylene)s: Proton Con-
ductivity, Permeability, and the State of Water”, Copyright (2006), with
permission from Elsevier?®

IEC Water uptake O+
Polymer (meq. g7 (Wt%) /2 (nH,0/SO3H)  (mS cm ™)
SDAPP 2.20 137 34 123

1.80 75 23 87

1.40 36 14 49

1.04 21 11 13
Nafion 117 0.91 36 22.0 100

air interface. Excess water was found to accumulate at both
interfaces, akin to surface (interfacial) wetting. These effects
appeared to have an appreciable impact on the water diffusivity
of sPPP films, which was significantly lower in the early stages
of exposure to water vapor than during bulk transport. The
authors ascribed this phenomenon to the highly rigid PPP
backbone, which is too inflexible to allow for considerable
phase segregation and folding to bury its ionic functional
groups away from the surface of membranes or thin films.**"
The membranes were hence hypothesized to possess a dual
nature surface with coexisting hydrophilic and hydrophobic
components, generating interfaces which exhibit defined
wetting layers.”®" These findings are particularly important
with respect to hydrogen fuel cells, where thin ionomer films
in the catalyst layer exist in complex microstructures in a three-
phase environment interacting with solid catalyst and support
materials, water, and the reactant O, and H, gases.'*?%

Water transport dynamics in SDAPP membranes. Water
transport dynamics in post-sulfonated PPP membranes were
investigated by L. He et al using 'H NMR and Fourier
transform infrared (FTIR) spectroscopies.”®® The degree of
sulfonation (IEC, 0.98, 1.60, and 2.20 meq. g ') was found to
strongly dictate water content, as expected. The absorbed water
was significantly more “liquid-like” in the high IEC polymer
(2.20 meq. g ") than in the low IEC polymer (0.98 meq. g™ '),
and also exhibited enhanced exchange between hydrophilic
sites.’® The low IEC polymer did not exhibit a measurable
water diffusion, from which it is inferred that water transport is
extremely slow. Conversely, water diffusion in the high IEC
membrane was 3.5x faster than in a Nafion reference. This is
attributed to formation of larger ionic domains when
adequately hydrated, due to the rigid backbone occupying
bundled structures.>***** Time-dependent FTIR spectroscopy
data supports the presence of free, loosely, and bound water,
and suggests that confined water evaporates more slowly from
the membranes than bulk water.

The dynamics of water within post-sulfonated PPP
membranes were further probed by N. C. Osti et al.?°® using
quasi-elastic neutron scattering (QENS) as a function of
temperature and water content. Heavy emphasis was placed
on the rigidity of the polyphenylene backbone, which yielded
formation of unique network macrostructures that remained
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rigid and displayed a glassy behavior even when membranes
were in the hydrated state.>’® These findings were related to the
unique bundled structures previously found in sPPPs, which
persist in polymer solution, through membrane casting
and during hydration.”®® On the timescale of the QENS
measurements performed, the polymer
effectively immobile, and impenetrable to water molecules.**>
Water is found to reside in a loosely bound state, and exhibits
notable mobility throughout the polymer network and
exchange between multiple sites, even under reduced relative
humidity (ambient) conditions.>®> Slow and fast water
dynamics were identified, which were attributed to free water
which exists between polymer bundles in hydrated channels,
and water molecules associated to polar SOzH groups,
respectively.”®®>  Waterjump  diffusion coefficients were
calculated to quantify the observed water dynamics. In both
populations, water molecule mobility was dependent on and
increased with water content and temperature and was greater
in sPPPs than in Nafion. At elevated temperature (7 = 60 °C),
there was evidence of structural changes occurring within the
hydrated polymer whereby water molecules begin to penetrate
into polymer bundles.”® This was a particularly important
finding which may address why the ex situ conductivity,?°%%°
and in situ MEA performance of post-functionalized sPPP
membranes,”®® is higher at elevated temperatures and RH.
Morphology of SDAPP membranes. Related to transport
properties is the morphology of post-sulfonated PPP membranes.
An in-depth investigation on nanoscale structures of sPPPs in
both dilute solutions and hydrated thin films as a function of acid
content was reported by L. He et al. in 2009.2°* Using membranes
with IECs ranging from 0.98 to 3.22 meq. g ', the surface
morphology was found to consist of relatively uniform domains
with approximate dimensions 300 x 150 A (length x width) which
lined up along an axis as result of polymer self-assembly during
membrane casting.>** Small angle X-ray scattering (SAXS) reveals
the absence of crystalline domains, nor any evidence of tight n—n
interactions between aromatic rings. Hydrophobic domains
impenetrable to water are, however, evident.”** Large domains
of radius between 350 and 540 A consistent with the presence of
clusters are also evident by SANS.*** In solution, SANS reveals
cylindrical structures with radii of 60 A and lengths of 500 A.**
Note, the radius of a single rod-like molecule is calculated to be
20 A, which supports the conjecture that the structures are
aggregates, or bundles, of polymer strands. Polymer bundles are
hypothesized to persist through solvent evaporation during
membrane casting, whereby they associate to form large polymer
aggregates in membranes.’** The rigidity of the parent polyphe-
nylene backbone is identified as a determining characteristic of
the structure-morphology relationship in sPPPs, and has broad
implications on membrane properties, compared to flexible
ionomers such as those containing heteroatomic linkages or
backbones comprised of sp*>-hybridized atoms,319%:200,201,207
The effects of hydration and degree of sulfonation on the
nanostructure of hydrophilic domains within post-sulfonated
phenylated polyphenylenes have been evaluated by A. J. Abbott
and A. L. Frischknecht using atomistic simulations.?*® Explicit

molecules were
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hydrophilic/hydrophobic phase segregation into respective
nanoscale domains was observed, which was driven by
aggregation of ionic groups and water molecules (clusters)
within the systems. The local structure of hydrophilic domains
was notably affected by hydration, in that an increase in the
number of water molecules resulted in sulfonate groups
becoming more hydrated and pushed farther apart (increased
spacing). Low degrees of hydration (4 = 3 and 5) yielded
formation of hydronium ions which displayed strong electro-
static interactions with neighboring sulfonate moieties, which
would likely result in hindered ion mobility. The effects
weakened at higher hydration levels (4 = 10 and 20) due to
increased solvation of the sulfonate groups and resulted in
more mobile hydronium ions.”’® The atomistic simulations
complemented previously reported experimental data on
proton conductivity of post-sulfonated sPPPs well, which
showed rapid increases in proton conductivity as a function
of membrane water content (1),°° as well as relative
humidity.>°® Moreover, the degree of sulfonation (S) is found
to impact the nanoscale morphology of hydrophilic
domains.>®® A low degree of sulfonation particularly under
low hydration conditions revealed distinct clusters of ionic
groups and water molecules which varied in shape and are
not appreciably interconnected. Increasing the degree of sulfo-
nation (S = 2 and 4) and hydration (41 = 10 and 20) parameters
caused the hydrophilic clusters to increase in size, become
more spherical, and become more interconnected. This
ultimately resulted in formation of a fully percolated and
connected ionic domain (Fig. 12).>°® The take home message
is that high connectivity of ionic domains in these SPPs, and
hence high conductivity, requires relatively high degrees of
sulfonation (high IEC), compared to incumbent PFSAs such
as Nafion.

A comprehensive computational study of the hydration and
morphological characteristics of post-sulfonated PPP membranes
using ab initio and density functional theory (DFT) calculations
was reported by T. M. Alam."*® A series of para-diphenyl sulfonic
acid [p-DIP-SA-n(H,0)] clusters were used as preliminary models
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for calculating the proton dissociation behavior. A gradual length-
ening of the SO-H bond was observed from r=0 (0.985 A) ton =2
(1.05 A) water molecules, after which spontaneous proton
dissociation and formation of a distorted H;O" cation occurred
(at n = 3, SO-H bond length = 1.55 A). At intermediate hydration
levels of n > 3 water molecules, the formed H;O" cation existed in
different configurations that were generally in a contact ion pair
with the sulfonate anion, and at higher hydration levels of n > 6
the acid was fully solvated and dissociated from the sulfonate
anion. This behavior is remarkably similar to what is observed in
PFSAs (dissociation at 7 = 3), but not sulfonated poly(arylene ether
ether ketone) model systems, and suggests that benzenesulfonic
acid moieties are capable of proton dissociation at lower levels of
hydration than expected for hydrocarbon systems which did not
possess perfluorinated superacidic moieties."*® These findings
offer an explanation as to why proton conductivities of post-
sulfonated PPP membranes are reportedly similar to that of
PFSAs,2%%2%2% and higher than that of other hydrocarbon-
based systems such as sulfonated poly(atylene ether sulfone)s and
polyimides.*®

Fuel cells incorporating SDAPP membranes. An investiga-
tion into hydrogen and methanol fuel cell performances of
post-sulfonated phenylated polyphenylenes membranes was
first reported in 2010 by R. J. Stanis et al,**® who used
membranes which possessing IECs of 0.72, 1.2, 1.7, and
2.30 meq. g '. Methanol solubility experiments revealed that
the two highest IEC polymers dissolved, whereas the low IEC
polymers remained largely intact. The hydrocarbon-based
membranes were found to be less permeable than Nafion
212. Membrane permeability related to the extent of membrane
swelling.°® When evaluated as membranes in direct methanol
fuel cell MEAs, the more conductive (higher IEC) membranes
exhibit greater maximum power density in 1 M methanol.>*®
In the presence of 3 M methanol, however, those with lower
methanol permeability performed better due to a lower fuel
crossover. Hydrogen fuel cells constructed with post-sulfonated
phenylated polyphenylenes membranes were evaluated under
H,/O, and H,/air at 80 °C.”°® Fuel cells containing low IEC

S=2,A=3

Fig. 12 Snapshots from MD simulations of post-sulfonated phenylated polyphenylenes possessing degrees of sulfonation S = 1, 2, or 4 at hydration of
A = 3. Only hydrophilic domains are shown, with distinct clusters given in individual colors. Reprinted (adapted) with permission from Macromolecules
2017, 50 (3), 1184-1192, L. Abbott, A. Frischknecht, “Nanoscale Structure and Morphology of Sulfonated Polyphenylenes via Atomistic Simulations”.

Copyright (2017) American Chemical Society.2°8
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membranes performed poorly, but high IEC membranes
exhibited polarization curves approaching Nafion 212 MEA
under H,/0,.2°® E.g., at 0.65 V, a maximum current density of
1020 mA cm™ 2 was found (compared to 1204 mA cm > for a
Nafion 212 MEA). Under H,/air supply, the performance of all
membranes was generally much poorer, with post-sulfonated
phenylated polyphenylenes membranes comparing less favorably
to the Nafion 212 reference, attributed to mass transport
limitations.?*® Nonetheless, these studies represented the first
in situ evaluation of sulfonated phenylated polyphenylenes, and
identified this class of PEMs as prospective materials for use in
fuel cells.?*>%°

Overall, the work reviewed in the above section highlights
progress in establishing post-sulfonated, phenylated polyphe-
nylenes as materials for study for electrochemical energy
conversion applications. Nonetheless, post-sulfonation of
polymers comes with the penalty that the polymers, while
tunable, are not synthesized in a definitively reproducible
manner due to uncertainty of placement (location) of the
sulfonate groups both on the repeat unit, and along the
polymer backbone. This is highlighted by the typically reported
non-integer degrees of sulfonation (e.g, 1.3-3.6 sulfonic
acid moieties per polymeric repeat unit).®® As the field of
hydrocarbon-based PEMs continues to advance, it is becoming
increasingly evident that efforts to increase the molecular
precision and reproducibility of sPPP must be achieved in
order to improve the versatility and inherent properties of this
class of polymer,®'0>>1%-211

Pre-sulfonated monomer approach to sulfo-phenylated
polyphenylenes

Over the past 6 years, significant progress has been made
developing structurally-defined sulfo-phenylated polyphenylenes.
In 2015, T. Skalski et al®' demonstrated a novel, pre-
functionalization approach to the preparation of sPPPs. This
was achieved through modification of the cyclopentadienone
diene monomer (bistetracyclone), to afford a precisely function-
alized analogue TEASBTC (Scheme 5) which possesses 4 sulfonate

1. PhNO,
180 °C, 12 h
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moieties affixed para on its exterior pendant phenyl rings.*'
A series of model compounds with structural motifs analogous
to the respective polymer were prepared to evaluate monomer
reactivity and stability, and it was determined that all four
acid moieties were retained after the Diels-Alder reaction.*'
Subsequently, a proof-of-concept pre-functionalized polymer
sPPP-H+ was prepared (Scheme 5). The triethylammonium-
sulfonate salts served as internal NMR probes, and their integration
ratios relative to the polymer backbone supported presence of
4 sulfonate functional groups per polymer repeat unit. The meta
to para ratio of backbone phenyl linkages formed during polymer-
ization was also elucidated for the first time (1:1).*' The
experimental IEC (3.47 meq. g~ ') determined by titration was close
to the theoretical and "H NMR-measured IEC (both 3.70 meq. g %),
which was the highest value reported for sPPPs to date.>**"64204
Despite this, these pre-sulfonated sPPP-H+ membranes were
insoluble in water at 30 °C, although excessive swelling was
observed at 80 °C. A preliminary oxidative stability test conducted
by soaking membranes in Fenton’s reagent (3% H,0,, 3 ppm Fe**,
80 °C, 1 h) showed no observable changes to the polymeric
structure via "H NMR characterizations.*' This was an important
step to evaluating the previously experimentally unprobed thermo-
chemical stability of sulfonated phenylated polyphenylenes.

The ex situ proton conductivity of pre-sulfonated sPPP-H+
membranes (8.65 to 106 mS cm ') was comparable to or
exceeded that of a Nafion 211 reference across the entire
humidity range evaluated (40 to 95% RH at 30 °C), but
decreased by ~27% in liquid water (77 mS cm™").>' The latter
is attributed to high water uptake and hence membrane
swelling of sPPP-H+, which resulted in a notably lower analytical
acid concentration ([-SO;H] = 0.92 M) versus that of Nafion 211
(1.55 M).*' Preliminary in situ investigations of sPPP-H+ as
ionomer in the catalyst layer of a fuel cell MEA vs. Nafion
D520, both on a Nafion 211 membrane, showed that perfor-
mance of the sulfonated phenylated polyphenylene-based
catalyst layer approached that of Nafion D520 at 90% RH, but
performed approx. 4x better than that of Nafion D520 at 0% RH
(cathode). In both cases the anode RH was maintained at 100%.
A complete in situ investigation was however limited due to

TEAsBTC

2.2 M KOH
3.0.5 M H,S0,

sPPP-H*
2 (SO3H)=4.0
meta:para 1:1

Scheme 5 Synthesis of a pre-functionalized sulfonated phenylated polyphenylene sPPP-H+ via pre-functionalized diene monomer TEAsBTC.
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challenges with membrane swelling at elevated temperatures
and RH, and mechanical integrity.**

To circumvent the challenges related to excessive water
uptake by sPPP-H+ membranes, M. Adamski et al °**'* synthesized
a series of larger naphthyl, biphenyl, and terphenyl-based dieno-
phile monomers, from which polymers with reduced hydrophilicity
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sPPN-H+, sPPB-H+, and sPPT-H+, respectively, were prepared
(Table 5).°**'> Each of the polymers possessed 4 sulfonate moieties
per repeat unit and experimental IECs decreased incrementally
with increasing polymer repeat unit size. The membranes of
sPPN-H+ and sPPB-H+ were reportedly robust and flexible during
handling, whereas membranes of the terphenyl-containing

Table 5 Comparison of ion exchange capacity (IEC), water uptake, hydration number (1), ex situ proton conductivity (oy+), and in situ fuel cell power
density in PEMs prepared by S. Holdcroft et gl 3-:66:67.69.7275.212213 Data in this table were accumulated from previously published work

IEC* Water op ¢ Maximum power
Polymer (meq. g7') uptake? (wt%) 1° (nH,0 nSO;H™') (mS cm™) density (W cm™2) Ref.
O SPPP-H+ 3.47 319 50.7 338 0.42¢ 31 and 67
. sPPN-H+ 3.28 183 31.0 268 0.93¢ 66 and 212
SPPB-H+ 3.19 119 20.7 172 1.24° 66 and 212
<) sPPT-H+ 2.98 55 10.3 — — 66 and 212
sPPBm-H+  2.87 257 49.7 273 — 72 and 73
sPPBo-H* —f - —f - —f 72 and 73
sPPP N-free  2.90 80 15.3 155 1.08° 69 and 213
A= ®
7 sPPP (1 + 0)N 1.98 54 15.2 119 0.93° 69 and 213
o Q0
N\
| =
SPPP (1 + 1)N 1.80 52 16.0 13 — 213
sPPP (3 + O)N 1.58 —£ —£ —£ —£ 213
SPPP (3 + 1)N 1.38 49 20.0 12 — 213

“ Highest reported experimental IEC value. ” Measured at 22 °C in liquid water.  Measured at 80 °C, 95% RH. ¢ Measured at 80 °C, 95% RH, 0.5/
1.0 slpm H,/O,, with sSPPP-H+ in the anode and cathode catalyst layers. © Measured at 80 °C, 95% RH, 0.5/1.0 slpm H,/O,, zero backpressure with
Nafion D520 ionomer in the anode and cathode catalyst layers./ Polymer membranes were water soluble. ¢ Polymer membranes were extremely

brittle and could not be characterized.
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polymer sPPT-H+ were not.>'> It is postulated that the linear
terphenyl induces poorer solubility during polymerization, result-
ing in polymers with poor molecular weights which formed fragile
membranes.>*? The tensile strength and Young’s modulus values
reported for sPPN-H+ and sPPB-H+ were up to 3.5x greater than
that of Nafion 211, but elongation at break values were up to 8.5x
lower.®® The water uptake (wt%) and volumetric expansion (vol%)
of membranes following immersion in liquid water decreased
appreciably with increasing polymer hydrophobic character,
despite the high polymer IECs measured in all membranes.
Both were in the order sPPP-H+ > sPPN-H+ > sPPB-H+ >
sPPT-H+, and decreased from 319 to 55 wt%, and 364 to 80 vol%,
respectively.®®>*

After exposure to Fenton’s reagent (3% H,0,, 3 ppm Fe®",
1 h, 80 °C), sPPN-H+ and sPPB-H+ membranes displayed no
observable mass loss, and no changes in mechanical integrity,
or chemical structure per 'H NMR analyses.®® The ex situ
proton conductivities of sPPN-H+ and sPPB-H+ membranes
were comparable to that of a Nafion 211 reference membrane
at low humidity, and exceeded it significantly at high humidity,
up to 268 and 172 mS cm™ ', vs. 113 mS cm™ ', respectively, at
95% RH and 80 °C.%° The ex situ findings were corroborated by
appreciable in situ fuel cell performance, wherein sPPB-H+
membrane (33 pm) peak power densities were within 5% of
that of Nafion 211 (25 pm), and sPPN-H+ membranes (80 pm)
outperformed a Nafion 212 (51 pm) reference by up to 17%. At
80 °C and 95% RH, the in situ membrane proton conductivies
of sPPN-H+ (261 mS cm™ ') and sPPB-H+ (172 mS ¢cm ™) also
reflected ex situ data.®® Collectively, these findings suggest that
pre-sulfonated sPPPs possessed a markedly high chemical and
mechanical resilience, and demonstrated their efficacy and
tunability as PEMs for electrochemical energy conversion
devices, such as fuel cells.

Sterically-hindered, sulfo-phenylated polyphenylenes. A
detailed investigation into structure-property relationships in
sulfonated phenylated polyphenylenes was recently reported by
N. Peressin et al,””> who prepared a series of sPPPs and
analogous model compounds possessing either ortho, meta,
or para-substituted biphenyl moieties (Table 5, sPPBo-H",
sPPBm-H+, and sPPB-H+, respectively).”> Each polymer possessed
the same number of acidic functional groups per repeat (4) unit
via "H NMR characterizations, but the meta biphenyl-containing
polymer sPPBm-H+ (2.87 meq. g ') exhibited a lower experi-
mental IEC than that of the para biphenyl-containing polymer
sPPB-H+ (3.03 meq. g ). The IEC of the ortho biphenyl-containing
polymer sPPBo-H" was not reported because the polymer was
surprisingly water soluble, despite possessing similar molecular
weights to the former two polymers. Membranes prepared from
sPPBm-H+ exhibited lower mechanical strength and elongation at
break, and higher water sorption parameters, than membranes
prepared from sPPB-H+. This held true even when sPPBm-H+
membranes were prepared from much higher molecular weight
polymer than that of sPPB-H+ (M,, = 656 vs. 83 kDa, respectively).
Proton conductivity values for sPPBm-H+ also measured lower
than, or similar to that of sPPB-H+, due to reduced analytical acid
concentration values in SPPBm-H+ membranes.

4986 | Mater. Adv., 2021, 2, 4966-5005

View Article Online

Review

Similar negative trends in physical and electrochemical
properties were reported in copolymers possessing mixtures
of ortho and para, or meta and para-substituted biphenyl
moieties, when compared to sSPPB-H+.”* The dramatic differences
in membrane characteristics with changes in polymer regiomeric
connectivity from ortho (water soluble membranes) to meta
(fragile) to para (robust) were attributed to a lack of macroscopic
chain entanglement caused by sterically encumbered, rotationally-
restricted polymer backbones, reinforcing the importance of chain
flexibility and entanglement in PEM materials.”>”? That is, the
para-substituted biphenyls within the sPPB-H+ polymer backbone
afford the greatest degrees of rotational freedom, which results in
enhanced chain entanglement and formation of robust, flexible
membranes.

Pyridyl-containing sulfo-phenylated polyphenylenes. To further
reduce membrane water uptake, swelling, and increase chemical
durability, S. Xu et al.* prepared sPPPs using larger hydrophobic
dienophile monomers, with or without a sterically-hindered
pyridine moiety (Table 5, sPPP(1 + ON) vs. SPPP N-free). In both
cases water uptake and swelling values were reduced, reaching
values as low as 54.4 wt% and 62.4 vol%, respectively, in the case
of sPPP(1 + ON).*° In addition, elongation at break was increased
by nearly 1.5, up to 55.5%. The experimental IEC of the pyridine-
containing polymer was 1.98 meq. g *, which is much lower than
the nitrogen-free reference polymer (sPPP N-free, 2.90 meq. g~ ).
These findings were attributed to an acid-base interaction
between the pyridine lone-pair electrons and a sulfonic acid
proton, which resulted in neutralization of one of the 4 available
protons per repeat unit.* The proposed mechanism was
supported by ex situ proton conductivity and in situ fuel cell
polarization data, where pyridine-containing membranes (up to
119 mS cm™ ' and 931 mW cm™ %) measured 23 and 14% lower,
respectively, than those of the nitrogen-free polymer (up to
155 mS cm™ ' and 1080 mW cm ™ 2).* Effective proton mobility
values were also ~17% lower in sPPP(1 + ON). These differences
were however less significant than expected, because the pyridine
moiety incorporated was sufficiently sterically hindered such that
its hydrogen bonding capabilities were limited, and the pK, of the
corresponding pyridinium conjugate acid was reduced.®

In terms of chemical stability, sSPPP(1 + ON) exhibited
reduced degradation in Fenton’s reagent (up to 20% less
sample mass loss) and elongated lifetimes in situ under OCV
conditions in an accelerated stress test.®® For example, during
1000 h of operation under OCV, membranes of the pyridine-
containing polymer exhibited a decline in OCV of 0.11 mV h™,
which was ~6x less than previously reported values for sPPB-
H+ (0.64 mV h™1),°%?'? and ~20x less than a Nafion 211
reference cell (2.14 mW h™').*® Following the degradation
protocol, a peak power density of 728 mW cm™ > is reported,
which is only 21% lower than beginning-of-life performance.®
Incorporation of a sterically-hindered pyridine hence provides
exceptional chemical and mechanical reinforcement to sPPP-
based membranes due to intramolecular acid-base interactions,
at the cost of minor reductions to electrochemical performance.®

Sterically-hindered pyridine-containing sPPPs were expanded
on by S. Xu et al.*"® through preparation of a series of polymers

© 2021 The Author(s). Published by the Royal Society of Chemistry
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containing an increasing number of pyridine rings in the
dienophile monomer, and hence polymer, from 0 to 4
(Table 5, sPPP N-free through sPPP(3 + 1)N).>"* As the number
of pyridine rings was increased, important polymer membrane
properties including IEC, water sorption, dimensional swelling,
and proton conductivity decreased.”'® These changes were
ascribed to increasing degrees of intra- and inter-molecular
acid-base interactions between acidic sulfonic acid protons
and basic pyridine lone pair electrons within the membranes,
as was previously described with sPPP(1 + 0)N.*® Notably,
presence of the external, non sterically-hindered pyridine ring
in sPPP(1 + IN) and sPPP(3 + 1IN) resulted in a dramatic
reduction in electrochemical properties such as proton
conductivity.?"® For example, the proton conductivity (80 °C,
95% RH) of sPPP(1 + ON) was 119 mS cm ™, versus just 13 and
12 mS ecm ™" in the case of sPPP(1 + 1N) and sPPP(3 + 1)N,
respectively. Given the marginal difference in experimental IEC
values of the membranes, 1.98 vs. 1.80 vs. 1.38 meq. g " for
sPPP(1 + ON), sPPP(1 + 1N), and sPPP(3 + 1N), respectively, it is
evident that the external pyridine ring exhibited markedly
enhanced proton neutralization capabilities compared to that
of the sterically-hindered pyridine rings.** These findings
agreed with the hypotheses previously proposed regarding the
limited drawbacks, in the form of strong acid-base neutralization
of proton exchange membranes, in sPPPs containing sterically-
hindered pyridine moieties.*

Copolymers of sulfo-phenylated polyphenylenes. A series of
random copolymers based on the sPPP-H+ architecture,
sPPP(m)-H" (Fig. 13) demonstrating synthetic tunability of physical
and electrochemical properties was reported by T. Skalski et al.®”
The authors combined specified ratios of pre-sulfonated
(m, TEASBTC) and non-functionalized (x, bistetracyclone) diene
monomers with the 1,4-diethynylbenzene dienophile comonomer
to generate 6 copolymers with decreasing degrees of sulfonation,
and hence increasing hydrophobicity.®” The values measured for
membrane IEC decreased from 3.50 to 1.86 meq. g * for polymers
containing from 0 to 50 mol% of the non-functionalized monomer
(x = 0 to 0.5) respectively. The water sorption and electrochemical
properties of sPPP(m)-H" membranes are strongly dependent on x.
For example, as x increases from 0 to 0.5, water uptake, volumetric
expansion, and ex situ proton conductivity decreases stepwise from
319 to 65 Wt%, 364 to 68 vol%, and 120 to 5 mS cm ™" (at 30 °C and

sPPP(m)-H*

Fig. 13 Chemical structure of the sPPP(m)-H* random copolymers.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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95% RH), respectively.”” However, all membranes of the sPPP(m)-
H" copolymers possess similar mechanical properties, which were
comparable to other pre-®® and post-sulfonated phenylated
polyphenylenes.®® This is attributed to dominant contributions
from the rigid PPP backbone.” No measurable changes to
membrane mass or polymer chemical structure (via '"H NMR
spectroscopy) following immersion in Fenton’s reagent (3% H,O,,
3 ppm Fe*", 80 °C, 1 h) were reported, however eventual membrane
fragmentation and dissolution was noted. Membranes with
reduced IEC generally exhibited a longer lifetime in Fenton’s
reagent, up to 6 h for those containing 50 mol% of the non-
functionalized monomer (x = 0.5).%

The in situ proton conductivity of sPPP(m)-H" membranes
increases expectedly as a function of IEC, from 74 mS cm™*
(2.49 meq. g ', x = 0.4) to 256 mS cm ™" (3.50 meq. g ', x = 0),
which compares well to a Nafion 212 membrane reference
(81 mS em™").*” Wholly hydrocarbon fuel cells were prepared
using sPPP(m)-H', which exhibited H, crossover currents that
were only 4-15% that of a Nafion reference cell.®” In addition,
peak power densities up to 770 mW cm™ > were measured for
sPPP(m)-H' containing 20% non-sulfonated monomer (x = 0.2),
which was unprecedented performance for a wholly-
hydrocarbon fuel cell and compared very well to a Nafion 212
reference (792 mW cm™2).%” A lower performance was noted in
polymers possessing both more (x = 0), or less (x = 0.4) of the
non-functionalized monomer. The former was attributed to
significant kinetic-region losses in cell performance due to
swelling of the highly hydrophilic polymer as ionomer in the
catalyst later, while the latter to the decrease in IEC and ex situ
proton conductivity observed in polymers possessing larger
amounts of hydrophobic monomer.®”” Hence, an important
balance, or need for tunability, between high acid content
and ex situ electrochemical properties, and reduced membrane
hydrophilicity (swelling) was identified for sPPP-based PEMs.

Branched, sulfo-phenylated polyphenylenes. An alternative
means of improving on sPPP membrane dimensional stability
and mechanical integrity using branched polymer architectures
was reported by M. Adamski et al.’® A series of polymers
were prepared by adding between 0.25 and 2.00 mol% of
trifunctional monomer into the Diels-Alder polycondensation,
which yielded polymers sPPB(x% DB)-H" where x = 0, 0.25, 0.50,
1.00, or 2.00 percent degree of branching (%DB, see Fig. 14).
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sPPB(x% DB)-H*

Fig. 14 Chemical structure of branched polymers sPPB(x% DB)-H*.”°

Molecular weights of polymers possessing 0 to 1.00% DB were
very similar, but solution (1.25% w/w in DMSO) shear viscosities
increase linearly from 16 to 93 mPa s, indicating significant changes
to the overall polymeric structure. At 2.00% DB, reductions in both
molecular weight and viscosity were observed, which is attributed to
poor solubility of the polymer at high branching content (insoluble
fractions were filtered prior to characterization).”” Membranes pre-
pared from sPPB(x% DB}H' showed increases in mechanical
strength, and decreases in elongation at break, as a function of
increasing DB in the dry state. Fully hydrated membranes, however,
exhibit increases in both of these parameters, up to 14 MPa and
48%, respectively. Branching generally improves the mechanical
properties of the sPPP-based polymers over the non-branched
reference polymer sPPB-H+,° as well as previously reported
materials possessing the same phenylated polyphenylene
backbone.>**%¢”

The ion exchange capacities of sPPB(x% DB)-H' decreases
stepwise with increasing DB, from 3.23 to 2.93 meq. g~ for 0 to
2.00% DB, respectively, despite possessing the same theoretical
and 'H NMR-derived experimental IEC of 3.46 meq. g~ *.”° This
is attributed to the branched polymers possessing morphologies
which limited the number of acid groups available for ion
exchange during titration experiments. The water uptake (wt%)
and volumetric swelling (vol%) of membranes upon hydration at
rt decreased stepwise with increasing degree of branching, from
119 wt% and 145 vol% at 0% DB (unbranched), to 45 wt% and
61 vol% at 2.00% DB.”® X-ray scattering experiments found that
branching causes restrictions to morphological rearrangement
within membranes, such as in the clustering of -SO;H pendant
groups. In addition, presence of extended polymer structures
was noted. It is postulated that such structures may interfere
with larger-scale entropic chain rearrangements, which would
alter membrane mechanical properties.”” Thermograms of
sPPB(x% DB)-H" showed an increase in backbone decomposition
temperature of approx. 100 °C when any amount of branching was
present, from 543 °C (unbranched, x = 0%) to > 640 °C (branched,
x > 0.25). The oxidative stability of membranes possessing
branched polymers increased stepwise with increasing DB,
exhibiting lifetimes from 5.3 to 6.6 h in Fenton’s reagent (3%
H,0,, 3 ppm Fe*", 80 °C) prior to membrane fragmentation, for
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polymers possessing 0 to 1.00% DB, respectively.”” The ex situ
proton conductivity and in situ fuel cell performance of sPPB(x%
DB)-H' membranes increases as a function of DB. For example, at
95% RH and 80 °C, the unbranched polymer (0% DB,
172 mS ecm™ ") performed 19% poorer than sPPB(1.00% DB)-H"
(212 mS em ™) ex situ, and 14% poorer in situ under Hy/air (546 vs.
635 mW cm 2, respectively). The findings reported by M. Adamski
et al.”® collectively show that the positive attributes of sPPPs can
be synthetically improved via installation of branching sites
within the phenylated polyphenylene architecture.

Microwave-assisted synthesis of sulfo-phenylated polyphe-
nylenes. The synthesis of both post and pre-functionalized
sulfonated phenylated polyphenylenes involves a mutual
Diels-Alder polycondensation step to generate the polypheny-
lene backbone.?**"%¢ To obtain appreciable molecular weights,
the reaction has commonly been performed in high boiling
point solvents, at high temperatures (e.g., 180 to 220 °C), and
for prolonged durations (e.g., 24 to 72 h)>30?166:190192 gy
conducting the polycondensation using microwave (MW)-
assisted synthetic techniques, an alternative method in which
reaction times were reduced 24-fold was reported by M.
Adamski et al. in 2019.”" The inputted microwave energy was
temperature-regulated using a fiber optic, such that reaction
temperatures were kept constant and comparable to that of
thermal experiments (180 °C). Higher temperatures (up to
220 °C) and longer reactions times (up to 5 h) generally yielded
insoluble matter, which was attributed to microwave-induced
thermal decomposition of the polymer.”' Both methods gave
high molecular weight polymers, however the maximum
obtained using thermal techniques (M, = 501400 Da; D =
2.34) was higher than that of microwave-assisted techniques
(M,, = 340900 Da; P = 2.74).”"

Membranes of pre-sulfonated polymers obtained via MW-
assisted synthesis exhibit very similar properties to that of
thermally-prepared reference materials.”* The IECs (3.23 meq. g %)
of each were identical, but the water uptake and swelling values
of the microwave-prepared polymer were 2 and 10% higher,
respectively. In addition, the microwave-prepared polymer
exhibited a 6% greater tensile strength and 11% greater
Young’s modulus than the thermally-prepared polymer, but

© 2021 The Author(s). Published by the Royal Society of Chemistry
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also a 39% lower elongation at break.”* Using "H NMR spectro-
scopy, the authors found that polymers prepared via
MW-assisted techniques contained more para-para Diels-Alder
linkages than those prepared thermally, which was ascribed to
the observed stiffer nature of the membranes.”* This was
corroborated by X-ray scattering experiments which found that
while both polymers exhibited similar spacing between ion
clusters, the polymer prepared vie MW-assisted synthesis
exhibited greater ordering, potentially due to a more rigid or
aligned para linkage-containing backbone.”" An ex situ oxidative
(Fenton'’s reagent test) and thermal (thermogravimetric analysis)
stabilities, as well as ex situ proton conductivities and in situ fuel
cell performance of both polymers were nearly identical.”*
Collectively, both synthetic techniques produced polymers with
comparable membrane physical and electrochemical properties,
which established microwave-assisted synthesis as a powerful
tool for reducing the time required to sufficiently polymerize
pre-sulfonated phenylated polyphenylenes 24-fold, from 3 days
to 3 hours reaction time.”* Similar findings have been reported
using non-sulfonated Diels-Alder polyphenylenes, where the
molecular weight of a phenylated polyphenylene obtained from
a 35 h MW-assisted polymerization was higher than that of the
same polymer obtained from a 480 h conventional (thermal)
polymerization.***

Water transport through sulfo-phenylated polyphenylenes.
The water transport within pre-functionalized sPPPs was
investigated by Y. Wu et al,">> who used sPPB-H+ as the model
sPPP-based membrane, and compared it to membranes prepared
from a highly phenylated sulfonated poly(arylene ether), SPAE.
The experimental IEC of both polymers was 3.2 meq. g~ *. Vapor
sorption isotherms at 70 °C showed that membrane water uptake
was higher in sPPB-H+ than in SPAE, which agreed with liquid
water uptake measurements. These parameters were measurably
higher than a Nafion 211 reference membrane, attributed to the
higher IEC exhibited by the hydrocarbon polymers. The sorption
isotherms were deconvoluted using the Park model to quantify
specific membrane-water interactions occurring during water
sorption. While SPAE exhibited a higher concentration, or density,
of surficial hydrophilic moieties (a greater specific site capacity,
a1), SPPB-H+ possessed an approx. 2x greater affinity constant
(K1), which indicated that the strength by which water molecules
are anchored (H-bonded) to its surficial hydrophilic moieties,*"®
higher in the sulfonated phenylated polyphenylene.
In contrast, Nafion 211 membranes possessed the lowest relative
value for gy, and highest K, because it contains fewer, but more
acidic hydrophilic functional groups.'*

The process of water penetration into, and subsequent
extent of interaction with acidic groups within bulk membranes
is described by Henry’s law coefficient, Ky, which is dependent
on IEC,*" and was in the order Nafion 211 < SPAE ~ sPPB-
H+.'*® The extent of water cluster formation in clustering-type
sorption at high relatively humidity, quantified by the aggregation
equilibrium constant, K,, was higher in sPPB-H+ than in SPAE.
This parameter is typically accompanied by a measure of the
relative size of the water clusters within each cluster, n, which was
lower in sPPB-H+ than in SPAE. Both parameters are linked to

was
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polymer backbone structure, which dictates polymer chain
mobility and morphological adaptions necessary to accommodate
incoming water molecules.”’®> Hence, at high relatively humidity,
sPPB-H+ exhibited greater affinity for water molecules and formed
water clusters to a greater extent than the sulfonated poly(arylene
ether) reference, but due to its less flexible backbone, each water
cluster was smaller in size. By comparison, the values for K, and
n were highest in Nafion 211, which was attributed to its
highly flexible backbone and superacidic hydrophilic functional
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groups.

Steady-state water permeation measurements showed that
sPPB-H+ was more permeable to water than SPAE and Nafion
211 in both liquid-vapor and liquid-liquid permeation
experiments.’® Of the 3-types, at thicknesses > 30 um,
sPPB-H+ membranes were most permeable to water transport
due to a lower internal water transport resistance. The differences
were attributed to a structure-morphology relationship, wherein
sPPB-H+ membranes possessed a more hydrophobic membrane
surface than SPAE, but simultaneously an internal morphology
more favorable for water transport. The findings coincided well
with previously reported work by L. He et al.>°* on ultrathin post-
functionalized sPPP membranes, who reported that water
diffusivity was low in the early stages of exposure to water vapor
(higher interfacial resistance), but increased measurably during
bulk transport (low internal resistance).*"!

Morphology of sulfo-phenylated polyphenylenes. Morphological
analyses of pre-sulfonated sPPP(m)-H" random copolymers using
small angle X-ray and neutron scattering techniques showed a
specific feature, denoted &, with correlation lengths ranging from
1.53 to 1.36 nm which did not change in vacuum or under ambient
conditions, but increased with the amount of non-sulfonated
hydrophobic monomer present.”” This feature was attributed
to individual polymeric repeat units (Fig. 15a),"” because the
sulfonated and non-sulfonated monomers possessed different
estimated X-ray scattering length densities.**®**” In contrast, such
a feature has not been reported in morphological analyses of post-
functionalized sPPPs,>®* likely because the monomers are not
distinet.”” The characteristic spacing, d, (Fig. 15b), between a
second feature in the scattering data was found to vary in length
with membrane hydration and degree of sulfonation (mol%
content of sulfonated monomer). At <50% RH, d, was approx.
2 nm in all samples, but increased to maximum of 4.30 nm
for polymers with no hydrophobic segments at 100% RH. This
characteristic spacing was ascribed to the size and distance
between small clusters of ionic functional groups and water
molecules within the polymer, and is the region which facilitates
ion conductivity.®”

M. Adamski et al.”' examined morphological differences in
sPPB-H+ membranes prepared from polymers synthesized
either via traditional thermally-mediated heating (oil baths)
or microwave reactor, using X-ray scattering techniques.
The scattering profiles obtained for the two materials were very
similar, with three distinct features: two wide-angle peaks
corresponding to interatomic length scales (<6 A), and a small
peak at 0.4 A™* corresponding to features of approximately
16 A, which was assigned to spacing between ion-rich clusters.®””*
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Fig. 15 Schematics representing the authors’ interpretations of the
origins of Features 1 and 2 from small angle X-ray and neutron scattering
data. (a) Feature 1, denoted “&;", was attributed to the size of a polymeric
repeat unit. (b) Feature 2 was attributed to the size and spacing of
the water-rich regions within the membrane samples. Reprinted from
ChemSusChem, 11 (23), 4033-4043, T. Skalski et al., "Sulfophenylated
Terphenylene Copolymer Membranes and lonomers”, Copyright (2018),
with permission from Wiley.%”

The latter peak was apparently more intense in polymers prepared
via microwave reactor. The authors attributed this observed
difference to a greater number of para-para linkages in the
microwave-prepared polymer backbones. This purportedly lead
to greater ordering of the polymer once formed into membranes,
resulting in greater ordering of the ion-rich regions at the 16 A
length scale.”*

Additionally, morphological differences in sPPB(x% DB)-H"
with varying degrees of branching (DB) between 0 and 2 mol%
were examined using X-ray scattering experiments.”® A mid-q
peak observed at all RH values at approximately 0.4 A~* in the
unbranched polymer, previously assigned to spacing between
ion-rich clusters,®””" was only visible at RH values >90% in the
1% DB analogue. When measured under vacuum, this mid-gq
peak was found to broaden and decrease in intensity with
increased degrees of branching, becoming difficult to discern
in the higher 1-2 mol% DB samples. When fully-hydrated, all
samples from 0 to 2 mol% DB exhibited very similar scattering
profiles with a broad feature at approximately 0.15 A%
suggesting that surprisingly, the spacing between water and
ion-rich domains in fully-hydrated samples were not affected by
degree of branching. Introducing branching moieties into
sulfonated phenylated polyphenylene biphenyls appears to
limit the reorganizational ability of polymer chains within
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membranes, which was likely the main contributor to the
observed reductions in their water sorption characteristics as
a function of increasing degree of branching. The limited
degree of chain reorganization also likely interferes with
larger-scale entropic chain rearrangements, which would alter
the mechanical properties of membranes, as was experimentally
observed.”®

Degradation of sulfo-phenylated polyphenylenes. The hydroxyl
radical degradation pathways of sulfonated phenylated polyphe-
nylenes were reported by T. Holmes et al.,’® using a structurally-
analogous oligophenylene model compound sPP. In the presence
of hydroxyl radicals, the authors found that sPP degraded approx.
5x slower than a model compound based on sulfonated
poly(arylene ether ketone)s, which demonstrated the chemical
sensitivity of the heteroatomic linkages in the latter.® The
reported primary degradation route of sPP began with
oxidation of a pendant, non-sulfonated phenyl ring, which led
to ring-opening and formation of a carboxylic acid substituent.
This intermediate, in turn, underwent an acid-catalyzed intra-
molecular Friedel-Crafts acylation with a neighboring aromatic
ring, yielding a fluorenone, which subsequently formed short-
lived lactones via Baeyer-Villiger oxidation. Further oxidation
resulted in opening of a second aromatic ring and formation of
dicarboxylic acids, after which a core phenyl ring was destroyed to
give benzoic acid, sulfobenzoic acid, and a carboxylic acid-
containing degradation product.®® The final step was equated to
chain scission within the corresponding sPPP-H+ polymer, which
was demonstrated via both measurable reductions in polymer
molecular weight, and detection of sulfobenzoic acid in the
samples, following the degradation protocol. The proposed
mechanism for hydroxyl radical-induced degradation of sPPPs is
provided in Scheme 6.%

Fuel cells incorporating sulfo-phenylated polyphenylenes.
Pre-functionalized sPPPs have been evaluated in hydrogen fuel
cells, either as ionomer binder in the catalyst layer, or as a
polymer electrolyte membrane. Preliminary examination of
sPPP-H+ (Table 5, first entry) as ionomer in the catalyst layer
showed its performance was notably higher than a Nafion D520
reference ionomer at 0% RH (cathode), although the trend was
reversed under humidified conditions (90% RH).*" A series of
sPPP-H+ membranes were also evaluated, and the calculated
in situ membrane conductivity of SPPP-H+ was between 3 x to
6x as conductive as Nafion 212 under varied RH, up to a
maximum of 290 mS em ! at 90% RH. However, the membrane
thickness (150 pm) employed was not preferred for long-term
cell operation or complete in situ characterization due to
excessive swelling and poor mechanical integrity.*"

M. Adamski et al.°**'? investigated the in situ performance of
sPPPs containing elongated hydrophobic spacer units, sulfonated
phenylated polyphenylene biphenyl and naphthyl (sPPB-H+ and
sPPN-H+, respectively, see Table 5), which exhibited improved
ex situ membrane mechanical strength and reduced water uptake
and swelling characteristics. When evaluated as membranes with
Nafion D520 ionomer in the catalyst layer, sPPB-H+ (33 um,
1237 mW cm™ ') and sPPN-H+ (80 um, 927 mW cm ') exhibited
performance curves and maximum power densities which

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 6 The proposed mechanism for hydroxyl radical-induced degradation of sPPPs, as previously described.®®

compared favorably to similar thickness PFSA reference
membranes, Nafion 211 (25 um, 1301 mW cm™ ') and Nafion
212 (51 um, 792 mW cm '), respectively, under H,/O, at 80 °C and
100% RH (Fig. 16). Similar comparisons in performance were
reported for cells evaluated under H,/air. These data represented a
benchmark performance for hydrocarbon-based membranes.

In situ accelerated stress tests (AST) at open circuit voltage
(OCV) for MEAs containing sPPB-H+ membranes showed that
sPPB-H+ exhibited ~4x the lifetime of a Nafion 211 PFSA
reference. After 100 h of testing, the MEA containing Nafion 211
exhibited H, crossover currents approaching 100 mA cm?, and
failed at 153 h. In contrast, the sPPB-H+ MEA exhibited cell
crossover currents of 12 mA cm? after 100 h, and continued to
function and provide polarization data after the 400 h AST
was complete.®® While the in situ sPPB-H+ membrane proton
conductivity (117 mS cm ") decreased by 31% from beginning
of life (170 mS cm ™), the final value was still 21% greater than
that of Nafion 211 at beginning of life (97 mS cm™ ).
In addition, the OCV of the sPPB-H+ cell decreased from
0.965 to 0.710 V following the AST,*® yielding a noteworthy
decay rate of 0.638 mV h™".

Random copolymers based on the sPPP-H+ architecture,
sPPP(m)-H" (Fig. 13), were evaluated in fuel cells as both
membrane and ionomer in the catalyst layer by T. Skalski
et al.,*” affording the first report of wholly-hydrocarbon fuel

© 2021 The Author(s). Published by the Royal Society of Chemistry

cells containing sulfonated phenylated polyphenylenes. MEAs
from three polymers with differing hydrophilic-hydrophobic
monomer ratios, and hence IECs, were evaluated: 2.49 meq. g~ "
- sPPP(0.6)-H"; 2.88 meq. g ' - sPPP(0.8)-H"; and 3.50 meq. g
- sPPP(1.0)-H". In situ membrane conductivities measured 74,
244, and 256 mS cm™’, respectively, which reflected ex situ
membrane conductivity, and compared favorably to that of a
Nafion 212 PFSA reference which measured 81 mS cm
Hydrogen crossover currents measured 4.3 to 15.3% of the
PFSA reference cell (Table 6). In addition, in situ peak power
densities under both H,/O, and H,/air of sPPP(0.8)-H+ were
comparable to that of Nafion 212. The performance measured
for sPPP(0.8)-H+ represented the highest reported for wholly-
hydrocarbon fuel cells to date.®”

The efficacy of sPPPs as standalone solid-state ion-
conducting media in hydrogen fuel cells was further evaluated
by E. Balogun et al.>*® The authors applied sPPB-H+ as both a
membrane, and ionomer binder in the catalyst layer, in
membrane electrode assemblies which were electrochemically
evaluated and compared to PFSA-based references comprised
of Nafion 211 membrane and Nafion D520 ionomer.>'® The
preferred loading of the hydrocarbon-based sPPB-H+ ionomer
in the catalyst layer, which yielded the highest performing
MEAs, was 15 wt%.>'® This was in contrast to previously
reported work on sulfonated poly(arylene ether)s which had
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Fig. 16 Polarization (left axis, solid markers) and power density (right axis,
hollow markers) curves for in situ fuel cell evaluation of sPPB-H*, sPPN-
H*, Nafion 211, and Nafion 211 membranes. Catalyst layers contained
Nafion D520 ionomer as binder, with 0.4 mg cm™2 Pt in the cathode and
0.2 mg cm™2 Pt in the anode. Measurement conditions were 80 °C, 100%
RH, 0.5/1.0 slpm anode (H)/cathode (O,) gas flows, zero backpressure.
Adapted from Angew. Chem., Int. Ed., 56 (31), 9058-9061, M. Adamski
et al., "Highly Stable, Low Gas Crossover, Proton-Conducting Phenylated
Polyphenylenes”, Copyright (2017), with permission from Wiley.

used 20 wt%,>'® as well as what is typically set for PFSA-based
materials (30 wt%).°®*%?2° With lower, or higher sPPB-H+
ionomer loading (e.g., 10, 20, 25, 30 wt%), the authors
described poorer performing cells.”*® Under both H,/O, and
H,/air conditions, lower (<15 wt%) ionomer contents resulted
in increased protonic resistance of the cell associated with too
little proton-conducting media. Higher (>15 wt%) ionomer
contents progressively increased charge transfer resistance of
the cell because too much ionomer hindered reactant transfer
processes in the catalyst layer. The maximum cell power
densities obtained for the wholly-hydrocarbon sPPB-H+ cells
were 1100 and 677 mW cm > under H,/O, and H,/air,
respectively,”'® which were the highest reported for
hydrocarbon-based fuel cells to date. The cells compared well
to those incorporating Nafion-based MEAs, which exhibited
peak power densities of 1480 and 673 mW cm 2 under H,/O,
and H,/air, respectively.*'®

Commercialisation of sulfo-phenylated polyphenylenes.
The findings above demonstrate the viability of sulfonated

Table 6 lon exchange capacity of sPPP(m)-H* random copolymers and
Nafion 212, as well as in situ fuel cell hydrogen crossover and peak power
density data for MEAs fabricated therefrom®’

Peak power
density

. (mW cm™?)

IEC Film H, crossover —mM8M———

Polymer (meq. g™") thickness (um) (mA cm™?) H,/ O, Hy/air
sPPP(0.6)-H+ 2.49 56 0.41 500 244
sPPP(0.8)-H+ 2.88 37 0.57 770 456
sPPP(1.0)-H+ 3.50 49 0.16 418 256
Nafion 212 0.92 51 3.73 792 455
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Fig. 17 Representative chemical structure and roll of PEMION
of lonomr Innovations, Inc.

. Courtesy

phenylated polyphenylenes as strong candidates of interest
for alternatives to PFSA-based materials for fuel cell applica-
tions. Indeed, Ionomr Innovations Inc., a Canadian company
specializing in ion-exchange membrane and polymer solutions,
has taken this a step further by upscaling synthesis of
sPP-based materials and fabricating large-scale, advanced
hydrocarbon membranes using roll-to-roll manufacturing
(Fig. 17). According to Ionomr Innovations, Inc.,%* hydrocarbon-
based polymer membranes offer advantages over perfluorinated
analogs, such as reduced cost, lower gas crossover, and fewer
environmental concerns. Reduced gas crossover is a particular
standout because it reduces the prevalence of hydrogen peroxide
formed as a result of reactant gas crossover, and leads to a
reduction in parasitic current density losses in situ. The properties
of Ionomr’s 15 pm thick reinforced hydrocarbon membrane,
Pemion® PF1-HLE9-15-X,** are provided in Table 8 in the
following section.

6 Summary and outlook

While care must be taken in comparing different polymers
prepared by different research groups using different polymer-
ization and functionalization approaches, cast under different
conditions, and integrated into devices using different
components and operated under different conditions, it is
worthwhile making generalized comparisons of the various
classes of sulfonated polyphenylenes to glean attributes and
search for similarities, and dissimilarities. A non-exhaustive
summary of synthesis methods and materials obtained
therefrom for each class of sPPs is given below in Table 7.
For post-sulfonated materials, the polymerization and post-
sulfonation steps are split into two entries. Thereafter, we
provide tabulated representative values of various membrane

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Table 7 Summary of synthesis methods and polymers obtained for linear, kinked, side-chain, and phenylated sulfonated polyphenylenes (SPPs)

# of Reaction Reaction Average M, DP, (# of

Category monomers® Other reagents Solvent” temp. (°C) time (h) yield (%) (kDa) repeat units)° Ref.
Linear SPPs 1-2 Cu NMP 120-140 10-36 84 11-28 35-120 29, 38, 41 and 44
Kinked SPPs” 2-3 Ni(COD),® or NiBr,/Zn DMSO or DMAc 60-80 3 94-97 8-37  14-113° 32, 45, 47 and 48

with BPY
Side-chain SPPs” 1-2 NiBr,/Zn® with PPh; DMAc 80-110 12-24 — - = 55, 56, 63 and 221
Sulfonation — CISO;H CHClI; 0 > rt 3 — 25-31" 96-141

Concentrated H,SO, 40-45 24 —
Post-sulfonated 2 — Diphenyl ether 180 36 96 — — 30, 65 and 206
phenylated PPs
Sulfonation — CISO;H DCM —50 - rt 0.5 — 55-83 65-89
Pre-sulfonated  2-3 — Nitro-benzene  160-200 72-120 90-95 90-235 69-204 31, 66 and 69-71

phenylated PPs

“ Does not include branched copolymers, which typically required one additional monomer (branching reagent). ” Solvent is anhydrous (dry)
unless otherwise reported. ¢ Calculated from reported number-average molecular weights and the molecular weight of a single polymeric repeat
unit.  Only membrane-forming, fluorine-free polyphenylenes are considered. ¢ Catalyst(s)./ 2,2"-Bipyridine ligand. £ Monomer feed ratios used to
approximate the molecular weight of a single polymer repeat unit. * Also referred to as sulfonated poly(benzophenone)s. * M,, is only reported in
one publication,® with corresponding M,, values of 58-68 kDa (P = 2.10-2.34). M, values of other polymers prepared using this methodology range
from 58 to 189 kDa,>*>4%07%3

Table 8 Overview of membrane tensile strength, elongation at break, ion exchange capacity (IEC), water uptake and swelling, ex situ proton
conductivity (oy+), and in situ fuel cell power density in linear, kinked, side-chain, and phenylated sulfonated polyphenylenes (SPPs), as well as
commercially available hydrocarbon (Pemion®) and PFSA (Nafion 211) materials

In situ power density?
(W em™?)

Tensile Elongation  Experimental Water Swelling Ex situ og+©
Category strength® (MPa) at break® (%) IEC (meq. g~*) uptake” (wt%) (vol%) (mS cm™!) H,/O, Hy/air Ref.
Linear SPPs® 23-54 4-9 4.3-8.3 66-213" 59-112" 400-900 — 0.43 29, 37 and 40-44
Kinked SPPs?  40-43" 11-68" 2.3-2.7 39-79' 20-27° 166220  0.95 — 32 and 45-48
Side-chain SPPs 18-47 5-15 1.0-3.0 29-114 — 36-162 — 0.65 49-63
Post-sulfonated ~75 12 1.5-3.4 36-137 — 41-169F 0.90 — 30, 65 and 206
phenylated PPs
Pre-sulfonated 40-60 15-37 2.9-3.5 80-319 81-364 155-338 1.24 0.68™ 31 and 66-73
phenylated PPs’
Pemion® 90-100 60-90 ~3.0 110-160 <161 140 — — 84
Nafion 211 17-28 148-311 0.95-1.01 16.6 33.3 95-110 1.48 0.67 66, 109, 218 and 222

“ Tested at room temperature and relative humidity (19-29% RH) unless otherwise indicated. > Measured at room temperature in liquid water
unless otherwise indicated. © Measured at 80 °C and 95% RH unless otherwise indicated. ¢ Highest reported value utilizing a membrane
comprised of the indicated polymer with PFSA ionomer (catalyst layer binder), unless otherwise indicated. ¢ Includes cross-linked and
alkylbenzene-grafted copolymers.f Measured in vapor-humidified membranes at 98% RH and room temperature. ¢ Includes only membrane-
forming polymers. * Measured at 80 °C and 60% RH. ‘ Measured at 40 °C.’ Measured at rt and 50% RH; parameters only reported in two
publications.®®®! ¥ Measured at 90 °C and 90% RH. ‘ Does not include nitrogen-containing variants. ™ Wholly-hydrocarbon MEA (no PFSA as

ionomer/catalyst layer binder); H,/O, peak power density of this system was 1.10 W cm

physicochemical and electrochemical properties of interest, of
each class of sPP described in the previous sections, in Table 8.
Data represent median and maximum values reported for each
class of polymer. For fine details and exhaustive data, the
reader is directed to the respective original publications.
Linear sulfonated poly(p-phenylene)s prepared by M. Litt
and coworkers,”****>*3 represent one of the first comprehensively
investigated derivatives of sulfonated polyphenylene-based
polymer electrolytes. The reported work collectively demonstrated
that this class of materials held promise in the realms of electro-
chemical energy applications, namely in hydrogen fuel cells.
However, the rigid rod-like nature of the poly(p-phenylene) back-
bone resulted in challenges with membrane integrity, mechanical
properties, and in situ evaluation. Poor mechanical properties
may also have been due to the heterogeneous Ullman-type
polymerization, whereby premature precipitation of the growing

© 2021 The Author(s). Published by the Royal Society of Chemistry
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polymer chain from the reaction medium leads to low molecular
weight polymers. Subsequently, M. Rikukawa et al'”” demon-
strated that some of the challenges associated with sulfonated
poly(p-phenylene)s may be addressed by employing a block
copolymerization approach, which helped tune polymer
morphology and enhance microphase separation.'”” K. Miyatake
et al.**>'7® further demonstrated that interrupting the linearity of
sulfonated polyphenylenes can overcome poor mechanical
properties by employing mixtures of meta and para-linkages in
the backbone to form kinked sulfonated polyphenylenes. Subtle
changes in linkages lead to materials with excellent solubility
capable of forming highly flexible and tough membranes.
These findings, which are in stark contrast to sulfonated poly
(p-phenylene)s, are due to enhanced chain entanglement
of the bent polymer backbone, which adopts flexible coil-like
morphologies.
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Side-chain  sulfonated polyphenylenes prepared by
M. Rikukawa et al,*>"° J. McGrath et al.,”** and W. Kim
et al.>>**°%"% based on sulfonated poly(benzophenone)s, yield
materials with IEC values ranging from 1 to 3 meq. g ' and
varying water sorption and electrochemical characteristics for a
given IEC, which demonstrates structure—property tunability in
sulfonated polyphenylenes. These materials yield high ex situ
proton conductivities which match or exceeded Nafion® refer-
ences, and provide consistent beginning of life performance
when assessed in hydrogen fuel cells. However, additional
investigation into membrane mechanical properties, nanoscale
morphology, and broader in situ evaluations are necessary to
establish sulfonated polyphenylenes as a ubiquitous option for
PEM applications. In our opinion, membranes prepared from
these polymers require in-depth studies of mechanical properties,
comprehensive in situ electrochemical characterization, and
appropriate accelerated stress tests at open circuit voltage and
wet-dry cycling in order to critically consider their validity in
fuel cells.

Since the initial report on post-sulfonated phenylated poly-
phenylenes by C. Fujimoto et al. in 2005,%° there has been a
steadily expanding body of work on this class of polymer
membrane. Collectively, post-functionalized sPPPs have been
demonstrated as a unique and highly promising class of PEMs,
with facile polymer synthesis and membrane preparation
processes which are likely scalable and low-cost.>*®>?°® The
highly rigid, rod-like polyphenylene backbone gives rise to
macromolecules with limited degrees of molecular freedom
resulting in formation of interesting microstructures.'>'982%3
The hydrophilic-hydrophobic phase segregated morphology
integral to polymer electrolyte membranes, found in other
sulfonated polyphenylene derivatives, is maintained, while
important membrane characteristics such as ionic conductivity
and gas barrier properties are improved.®® Nevertheless, high
connectivity of ionic domains requires relatively high degrees
of sulfonation compared to incumbent PFSAs, despite studies
which indicate that sulfonic acid moieties dissociate at lower
levels of hydration than expected for hydrocarbon systems. The
lack of specificity and control of post-sulfonation reactions
hinders synthetic reproducibility, and the randomness of the
sulfonation process renders polymers that swell excessively or
simply dissolve at IECs typically required for desirable proton
conductivity.

Introduction of the pre-sulfonated monomers into the
preparation of phenylated polyphenylenes yields a marked
improvement in control and properties, as evidenced by
enhanced proton conductivity, both ex situ, and in situ in
hydrogen fuel cells.>' Subsequent modification of sPPPs with
larger systems of non-sulfonated blocks - biphenyls,®®”>
terphenyls,®**'*> and phenyl-substituted pyridines®® - yields
materials with unprecedented ex situ and in situ membrane
performance and chemical stability. The synthetic versatility of
pre-sulfonated phenylated polyphenylenes opens doors to
macromolecular sequence control and the introduction of
macroscopic chain entanglement caused by sterically encumbered,
rotationally restricted polymer backbones, molecular branching,
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acid-base interactions, and other controlled cross-linking
strategies.”””>”**'3 Synthetic versatility also facilitates up-scaled

syntheses using traditional thermal methods, as well as
microwave-assisted techniques.”*

Of note, the synthetic versatility of pre-sulfonated phenylated
polyphenylenes is being adopted by Ionomr Innovations, Inc.,
who have taken a step to commercialize hydrocarbon mem-
branes based on reinforcements and roll-to-roll manufacturing.
Mechanical reinforcement of ultra-thin membranes improves its
resistance to tearing and stretching, which is especially
important in MEA manufacturing processes. The need to rein-
force is clearly understood, as demonstrated by commercially
available reinforced PFSA materials such as Nafion™ and Aqui-
vion®. In hydrocarbon PEMs, which are prone to excessive
swelling, reinforcement appears essential,”®® and has been
shown to dramatically improve in situ mechanical durability,
particularly in response to wet/dry cycling, which increases
in situ fuel cell lifetimes.>** MEAs prepared from such reinforced
hydrocarbon membranes can be operated at larger reactant gas
backpressures, yielding higher fuel cell performance as well.>*®
Several approaches to reinforced sulfonated hydrocarbon
polymers have been reported, including the incorporation of
PET composite fibers and glass fibre,”** polysulfone fibres,***
and mats.”®® The mechanical reinforcement of sulfonated
polyphenylenes, therefore, is expected to be similarly beneficial,
and a key objective in the evolution of hydrocarbon-based PEMs.

Related to mechanical durability that may be enhanced by
reinforcement, is chemical durability, which is put to the test in
the presence of H,/O, fuel cells because the electrocatalyst
promotes the formation of H®, HO®, and HOO*®
radicals,?'***?*® which are the primary sources of oxidative
degradation.?®*?® In commercial fuel cells, degradation of PFSA
PEMs is slowed by incorporation of Ce*" ions as an antioxidant
which neutralizes reactive oxidative radical species.”'**972%1
The Ce*" product is re-reduced through a secondary reaction
with a hydroperoxyl radical (HOO®) or with H,O,, regenerating
Ce®" ions.”® Despite the recognized utility in PFSA-based
PEMs, similar investigations with hydrocarbon-based PEMs are
limited,**®?*>**% and absent with polyphenylene-based PEMs.
This is particularly surprising, as the Achille’s heel of
hydrocarbon-based PEMs has traditionally been perceived to
be their poor resistance to radical-induced degradation.
A concern here is that, cerium cations, to remain in the
membranes and be effective, must interact with sulfonate
moieties tethered to the polymer backbone.>**>** This typically
leads to a reduction in proton conductivity and water sorption,
due to a reduction in IEC caused by displacement of three
protons per Ce** ion.?*®?32233 [t also represents a site of cross-
linking because Ce*" can bind up to three sulfonate groups. As
the ions reside in the aqueous domains and are subject to large
fluxes of water, cerium cations are susceptible to migration
within the membrane, and leaching>'?29:231,232,235
Thus, future studies on the integration of antioxidants
into sulfonated polyphenylenes and their initial impact on
electrochemical device performance must be complemented
by end-of-life studies, and the search for anti-oxidants

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Hyperbranched Diels-Alder polyphenylene

Scheme 7 Hyperbranched Diels—Alder polyphenylenes prepared from multifunctional AB,-type, or combination of 2A and 3B-type monomers. The A

and B reactive groups are highlighted in red and blue, respectively.23%2%”

with more complex architectures to mitigate their leaching
over time.

Continued development of advanced molecular architectures
with emphasis on polymer chain entanglement and morphologies
which are advantageous to membrane water sorption parameters,
such as reduced swelling, and retention of water content at in low
humidity environments, is also crucial. For instance, utilization of
predominantly or wholly multifunctional monomers which
possess >3 reactive sites to generate more complex, highly
branched or “hyperbranched” polymer architectures that begin to
resemble  dendrimers,'****® laddertype, and nanoribbon
polymers,'®>*%” is a direction of interest. Recent reviews on poly-
phenylene nanostructures,'® hyperbranched and highly branched
polymers,”*® and the Diels-Alder polymerization for synthesis of
functional and complex polymeric architectures,"’” provide valu-
able insight for what can be achieved from a simple phenylene or
oligophenylene building block. For example, the homopolymeriza-
tion of an AB,-type oligophenylene, or the copolymerization of a 2A-
type monomer with a 3B-type monomer, have generated hyper-
branched Diels-Alder polyphenylenes with weight-average molecu-
lar weights exceeding 600 kDa whilst remaining soluble in
common organic solvents (see Scheme 7).2****” T. Suda et al.**®
employed a similar methodology to synthesize a series of sulfo-
nated star-hyperbranched polyimide copolymers which possessed a
degree of branching of 64%. Whereas a linear analogue polymer
used as reference did not form durable membranes and was not
further examined, the hyperbranched material formed tough
membranes due to enhanced polymer chain entanglement, which
exhibited markedly low swelling (29-32 vol%, 80 °C in liquid water)
and high proton conductivity (340-510 mS cm ™" 80 °C, 98% RH). It
is only a matter of time before such strategies are employed in the
development of next-generation sulfonated polyphenylenes.

© 2021 The Author(s). Published by the Royal Society of Chemistry

Progress of sulfonated polyphenylenes to date represents a
momentous step forward in development of all-encompassing
alternatives to incumbent PFSAs. Exceptional chemical stability,
and physical and electrochemical properties have been demon-
strated in membranes cast at the academic research scale. This
work exemplifies promise for hand-cast membranes in numerous
electrochemical devices, from proof-of-concept to sub-commercial.
However, equally important to achieving benchmark material
properties, built upon synthetic scalability and reproducibility, is
stable and high-throughput preparation of end-user products.
Such high throughput processes turn polymer electrolyte resins
into value-added products; in this case, widely applicable rolls of
polymer electrolyte membrane rolls. Successful coating operations
require sufficient polymer feedstock of materials with consistent
properties of interest, such as molecular weight and corresponding
solution viscosity. In addition, the materials must be soluble or
form stable dispersions in common, low-risk solvents, such that
coating solutions with high polymer content may be prepared.

7 Conclusion

The key findings presented in this work collectively demon-
strate that sulfonated polyphenylenes are strong candidates for
integration into PEMFCs. Important developments in the
understanding of the structure-morphology-property relationships
have led to better insight into the implications of building around
a highly rigid, rod-like backbone such as polyphenylene.
Pre-sulfonation, and generally higher acid contents on higher
molecular weight polymers have been identified as important
features owing to improved membrane performance. Strategies to
further improve membrane properties through introduction of

Mater. Adv., 2021, 2, 4966-5005 | 4995
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elongated and more hydrophobic oligophenylene moieties,
sterically hindered heterocycles, as well as branching sites, into
the polymeric structure represent future steps forward to enhance
membrane stability (through chain entanglement and inter-chain
interactions) and electrochemical performance. Additional research
is necessary to continue the advancement of sPPPs to a state
comparable, or exceeding, that of state-of-the-art PFSA-based
materials, with emphasis on advanced polymer architectures and
morphologies, continued reduction of membrane water uptake
and swelling, mechanical reinforcement, and the inclusion of
anti-oxidants to improve their chemical and physical durability
in situ.

Lastly, in the current research climate, any synthetic strategy
truly considered for large scale PEM manufacture should be
highly repeatable and produce polymers with predictable
properties. If replacement of incumbent PFSA technologies is
to be truly considered then synthetic procedures should
evaluate the consequences of producing material on the 000’s
kg scale, where inexpensive and benign preparation and
purification strategies for monomer, reagent, solvent, and
catalyst are essential; and where synthetic and membrane
casting processes must comply with local environmental
regulations. In essence, a synthetic protocol must be competitively
scalable and appropriately green.
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